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1.0 SUMMARY 
The purpose o f  t h i s  study was t o  review data and theory p e r t i n e n t  
t o  the auto ign i  t i o n  o f  1  i q u i d  oxygen11 i q u i d  hydrogen (LOX/LH2) and 
1  i q u i d  oxygen/RP-1 (LOXIRP-1) propel l a n t s  and develop, where possible,  
physical  models o f  the  processes support ing o r  con t r i bu t i ng  t o  auto- 
i g n i t i o n .  The p e r t i n e n t  data included t h a t  developed i n  a  study l e d  
by Dr. E r i ch  Farber (NASA Contract NAS 10-1255)' and o ther  preceding 
explosive t es t s  such as P ro jec t  PYR0.2 During the  Farber study, a  
concept c a l l e d  the " C r i t i c a l  Mass Hypothesis" was developed which 
s ta ted t h a t  #hen f u e l  and ox id i ze r  a re  mixed w i t h  a  c e r t a i n  energy, 
there i s  a  mixed mass where explosion i s  100% probable, c a l l e d  the 
" C r i t i c a l  Mass". The hypothesis i s  based on two simul-caneous pro- 
cesses: 1)  mix ing o f  the propel lants ,  and 2) development o f  e l ec t ro -  
s t a t i c  charge s u f f i c i e n t  t o  cause i g n i t i o n  sparks. Th is  i s  known as 
"auto ign i  t i on" .  Farber 's  work was aimed s o l e l y  a t  g e t t i n g  empi r i ca l  
techniques f o r  p red i c t i ng  b l a s t  y i e l d  (TNT equiva lents)  f o r  1 i q u i d  rocke t  
propel lants .  However, the ob jec t i ve  o f  t h i s  study was t o  descr ibe the  
physical  environment as f u l l y  as poss ib le  and r e l a t e  t h i s  desc r i p t i on  
t o  the auto ign i  t i o n  phenomenon. 
Processes other  than e l e c t r o s t a t i c  charge were a l so  explored as 
poss ib le  a l t e r n a t i v e  o r  competing i g n i t i o n  mechanisms. Two i n  p a r t i c u l a r  
were cosmic rays and heat from ortho-parahydrogen conversion. I t  was 
found t h a t  the energy l eve l s  developed from cosmic ray  i g n i t i o n ,  wh i l e  
measurable, i s  f a r  less  than t h a t  needed t o  i g n i t e  an explos ive 
hydrogen-oxygen mixture.  S u f f i c i e n t  t o t a l  energy i s  ava i l ab le  i n  the 
ortho-parahydrogen conversion ( f rom 95 t o  99% para) t o  cause i g n i t i o n ,  
bu t  the temperature i s  l i k e l y  t o  be t oo  low and the heat c a r r i e d  of f  
e a s i l y  by the surrounding f l u i d .  Therefore, ne i t he r  o f  these processes 
i s  considered a  s i g n i f i c a n t  i g n i t i o n  mode when compared t o  e l e c t r o s t a t i c  
phenomena. External  i g n i t i o n  sources (such as sparks from t e a r i n g  meta l )  
are no t  necessar i ly  present and as such have low p r o b a b i l i t y  as compared 
w i t h  i n t e r n a l  processes associated w i t h  a u t o i g n i t i o n  by s t a t i c  e l e c t r i c a l  
discharge. 
A mixing model was developed which gave a  r e l a t i o n s h i p  between mass 
which i s  mixed and mixing energy f o r  energies above the b o i l i n g  energy. 
The re l a t i onsh ip ,  developed from f i r s t  p r i nc i p l es ,  v e r i f i e d  the  form of 
the h igh energy term i n  the  c r i t i c a l  mass equation. 
The study o f  s t a t i c  e l e c t r i c a l  e f f e c t s  inc luded th ree  main top ics .  
The f i r s t  invo lved est imat ing the streaming po ten t i a l s  b u i l t  up between 
the l i q u i d s  dur ing mixing. I t  was demonstrated t h a t  a  s u f f i c i c n t  e lec-  
t r i c a l  f i e l d  f o r  i g n i t i o n ,  as pred ic ted by streaming p o t e n t i a l  theory, 
could be b u i l t  up by the r e l a t i v e  motion o f  the f l u i d s .  The second was 
concerned w i t h  discharge w i t h i n  the 1 iqu id .  The d i e l e c t r i c  breakdown 
w i t h i n  the l i q u i d  appears t o  be a p l aus ib l e  mechanism f o r  i g n i t i o n  s ince 
discharge across a 0.06-cm space through a s to ich iomet r i c  m ix tu re  would 
be a reasonable i g n i t i o n  source. The t h i r d  considered bu i ld-up and 
d i  scharge a t  the surface and the  speculat ion concerning probabi 1 i t y  of 
' g n i t i o n  a t  the surface o f  the l i q u i d  mixture.  It i s  p l aus ib l e  t h a t  
d rop le t  charging and d rop le t -d rop le t  discharge a t  the  surface could cause 
au to ign i t ion .  I n  a l l  these top ics  spec i f i c  numbers could no t  be devel- 
oped, bu t  parameter range app l i cab le  t o  the  cases s tud ied were o f  the 
order o f  magnitude such t h a t  e l e c t r o s t a t i c  discharge was reasonably 
probable. Fur ther  work deal ing w i t h  these t op i cs  could be useful  i n  
es tab l i sh ing  some s p e c i f i c  estimates o f  discharge magnitudes. 
An attempt was made t o  develop a model o f  bubble evo lu t i on  t o  be 
used i n  conjunct ion w i t h  i g n i t i o n  and charging theor ies.  Some bas ic  
re la t ionsh ips  g i v i n g  bubble evolution and movement were developed, 
although t ime and scope of the study d i d  n o t  a l low i nves t i ga to r s  t o  
completely develop a means o f  p red i c t i ng  bubble s i ze  and ve loc i t y .  
However, f u tu re  work i n  t h i s  area would he lp  r e l a t e  bubble evo lu t i on  
t o  d rop le t  and bubble charging s ince i t  appears t h a t  breakage o f  bubbles 
emerging from the surface i s  a con t r i bu t i ng  process t o  s t a t i c  charge 
bu i  ld-up. 
I n  conclusion, there  are a number of processes t h a t  con t r i bu te  t o  
au to i gn i t i on  which appear probable. However, s ince some o f  the processes 
cannot be adequately described w i t h  the  in fo rmat ion  a t  hand, much specu- 
l a t i o n  resu l t s .  The h igh  energy p o r t i o n  o f  the  c r i t i c a l  mass curve comes 
from theory as w e l l  as experimentation which makes i t  q u i t e  be l ievable.  
The constants i n  the equat ion depend on empir ica l  r e s u l t s  and more 
d e f i n i t i v e  experiments would be desirable.  However, experience i n  many 
t es t s  conducted by Farber i n d i c a t e  t h a t  the constants i n  the  equation 
a re  subs tan t ia l  l y  cor rec t .  
2.0 INTRODUCTION 
This  study was concerned w i t h  the  explos ion and f i r e  from propel -  
l a n t  tankage ruptures. Such ruptures can be due t o  equipment f a i l u r e  o r  
de l ibe ra te  ac t i on  i n  t e s t i n g  ob jects  t o  ob ta i n  b l a s t  y i e l d  parameter 
p red i c t i on  models f o r  sa fe ty  studies.  The i g n i t i o n  phenomena, wherein 
the s tud ied fuel  and ox id i ze r  spontaneously detonate, has been ca l  l e d  
"auto ign i  t i on" .  The y i e l d s  observed i n  the  t e s t s  ind ica ted  t h a t  1 i t t l e  
fuel  and o x i d i z e r  mix ing occurred a t  the  t ime o f  i g n i t i o n .  One proposed 
mechanism fo r  i g n i t i o n  a t  low mixed mass i s  a spark discharge caused by 
an e l e c t r o s t a t i c  charge which b u i l d s  up as a r e s u l t  of r e l a t i v e  f l u i d  
motion between f u e l  and ox id ize r .  
2.1 BACKGROUND 
An extens ive experimental program, which preceded t h i  s study, was 
c a r r i e d  ou t  under t he  d i r e c t i o n  o f  D r .  Farber. Small- and large-sca le 
t es t s  were c a r r i e d  ou t  w i t h  p rope l lan ts  and many support ing experiments 
were conducted t o  ga in  f u r t h e r  understanding o f  the mix ing and i g n i t i o n  
mechanisms; some theo re t i ca l  development a l so  accompanied the  t es t i ng .  
The r e s u l t s  o f  the experimental s tud ies a re  d e t a i l e d  i n  numerous repor ts  
and summarized i n  the f i n a l  report. '  Farber approached the  i n te rp re ta -  
t i o n  o f  the data from two bas ic  d i r ec t i ons :  phys ica l  models and s t a t i s t i -  
ca l  models. The physical  models l e d  t o  the  C r i t i c a l  Mass Hypothesis (as 
discussed below) wh i le  the s t a t i s t i c a l  models were he lp fu l  i n  c o r r e l a t i n g  
p red ic t ions  of exp los ive y i e l d s  under var ious condi t ions.  
The C r i t i c a l  Mass Hypothesis i s  based on the understanding gained i n  
separate experiments on e l e c t r o s t a t i c  bu i  1 d-up and m i  x i  ng. Stated 
simply, the C r i t i c a l  Mass Hypothesis says t h a t  if the two specimens a re  
mixed w i t h  a s p e c i f i c  mix ing energy, then a mixed mass w i l l  be reached a t  
which 100% i g n i t i o n  i s  probable. I n  o ther  words, each mix ing energy has 
a s p e c i f i c  c r i t i c a l  mass. The energy released by the b o i l i n g  o f  one 
species i s  associated w i t h  a c r i t i c a l  mass o f  about 2300 I b  o r  less.  A l l  
observed explosions should i f a l l  on o r  below the  c r i t i c a l  mass l i n e .  It 
was ~ b s e r v e d  t h a t  the S-IVB t e s t  f a i l u r e  f e l l  j u s t  below the c r i t i c a l  
mass l i n e  i n d i c a t i n g  the r e l a t i o n s h i p  o f  C r i t i c a l  Mass Hypothesis t o  
f a i l u r e s  i n  actua l  veh ic le  conf igurat ions.  
The C r i t i c a l  Mass Hypothesis i s  based on the idea t h a t  the r e l a t i v e  
motion o f  the  two f lu ids ,  which r e s u l t s  from the mix ing energy, causes a 
bui ld-up o f  a s t a t i c  charge f i e l d .  Th is  f i e l d  discharges, causing sparks 
t h a t  are su f f i c i en t  t o  i g n i t e  the mixture.  Other i g n i t i o n  sources may be 
present so t h a t  the  mix tu re  i g n i t e s  masses t h a t  a re  we1 1 below the  c r i  ti- 
ca l  mass (as i s  often observed). No explos ion occurs above the  c r i t i c a l  
mass s ince the  c e r t a i n t y  o f  a u t o i g n i t i o n  i s  100% a t  the point. when the 
c r i t i c a l  mass of mate r ia ls  has been mixed. 
The r e a l i t y  o f  the presence o f  s t a t i c  charge bu i  ld -up was demon- 
s t r a t e d  i n  Farber 's work by the  observat ion o f  s t a t i c  charge i n  the  
f l u i d s  dur ing  mixing. Metal screens placed i n  conta iners  r eg i s t e red  
measurable p o t e n t i a l  bu i  ld-up when propel  l a n t  cons t i tuen ts  were dumped 
together. 
While the  concept o f  a u t o i g n i t i o n  appears t o  be experimental fact ,  
i t  remai ns des i rab le  t o  understand the  phys ica l  bas is  f o r  t he  phenomena 
from the  standpoint  o f  f i r s t  p r i nc i p l es .  
2.2 OBJECTIVES OF THiS STUDY 
The main ob jec t i ve  o f  t h i s  study was t o  cons t ruc t  a t h e o r e t i c a l  
bas is  f o r  p rev ious ly  observed au to i gn i  t i o n  phenomena i n  LOXILH2 and 
LOXIRP-1 t o  whatever ex ten t  f e a s i b l e  w i t h i n  t he  program scope. Theo- 
r e t i c a l  models o f  competing proces.ses ( f o r  i g n i t i o n  and charge bu i ld-up)  
were developed t o  a t t a i n  t he  ob jec t i ve .  The most probable mechanisms 
f o r  au to ign i  t i o n  were i d e n t i f i e d  and descr ibed i n  d e t a i l .  However, 
development o f  s t a t i s t i c a l  models f o r  exp los ion probabi 1 i t y  and y i e l d  
were no t  w i t h i n  the scope o f  t h i s  study. 
2.3 SUMMARY OF APPROACH 
The study was c a r r i e d  ou t  i n  f ou r  bas ic  areas ( w i t h  considerable 
over lap between phases). I n  the  f i r s t  area, t he  "physical i1 environ- 
ment* was descr ibed as much as poss ib le .  The process o f  bubble formation, 
movement and break-up was modeled as we1 1 as the  process of s o l i d  formation 
and i n t e r s tage  mixing. I n  the second area, the  s t a t i c  charge bu i ld-up and 
i t s  r e l a t i o n s h i p  t o  requirements f o r  detonat ion was descr ibed from t h e o r e t i -  
c a l  p r i n c i p l e s .  Other detonat ion sources (besides e l e c t r o s t a t i c )  were con- 
s idered i n  the  t h i r d  area and t h e i r  importance, r e l a t i v e  t o  the  e l e c t r o -  
s t a t i c  mechanism, was considered. It i s  impor tant  t o  s t ress  t h a t  so-ca l led 
"ex te rna l "  i g n i t i o n  sources (such as those r i s i n g  from metal -metal sparks) 
a re  no t  considered i n  au to i gn i t i on ,  s ince  such sources a re  no t  
necessar i l y  present. I f  these sources a re  present  they w i l l  cause detona- 
t i o n  a t  lower mixed volumes than does au to i gn i t i on ,  thus g i v i n g  y i e l d s  
below those p red ic ted  by a u t o i g n i t i o n  (as has o f t e n  been observed). I n  
the  f o u r t h  area, an attempt was made t o  b r i n g  a1 1 the i tems from the  f i r s t  
th ree  areas together  t o  exp la in  t he  c r i t i c a l  mass curve o r  prov ide an 
adequate subs t i tu te .  
* I n  t h i s  r e p o r t  "phys ica l "  environment r e f e r s  t o  the  v ~ r i o u s  s ta tes  o f  
the  f l u i d s  t h a t  a re  invo lved and t he  dynamics o f  i n te rmix ing .  
3.0 THE PHYSICAL ENVIRONMENT 
The phys ica l  environment governs the mixing and i g n i t i o n  pro- 
cesses. This sect ion describes three aspects o f  the environment 
t h a t  are pe r t i nen t  t o  a u t o i g n i t i o n  phenomena: 1 )  the  format ion o f  
vapor bubbles as the warmer f l u i d  causes the co ld  f l u i d  t o  b o i l ,  
2) the physics o f  mixing the  two components w i t h  a g iven energy, 
and 3)  the evo lu t ion  o f  s o l i d  p a r t i c l e s  as one f l u i d  freezes. 
Bubbles are p a r t i c u l a r l y  impor tant  s ince they probably con- 
t r i b u t e  an essen t ia l  f unc t i on  t o  charge d i s t r i b u t i o n  and l o c a l i z a t i o n  
o f  discharges. Also, bubbles may be responsible f o r  the ve ' r t i ca l  charge 
d i s t r i b u t i o n  Farber observed w i t h  h i s  instruments. 
The C r i t i c a l  Mass Hypothesis i s  d i r e c t l y  r e l a t e d  t o  the dynamics 
o f  f l u i d  mixing. F l u i d  mixing and e l e c t r o s t a t i c  charge bu i ld-up a re  
i n t e r r e l a t e d  i n  the formulat ion o f  the concept o f  a c r i t i c a l  mass. 
So l i d  p a r t i c l e s  o f  oxygen may be the source o f  o x i d i z e r  i n  the 
l i q u i d  hydrogen plug. Hydrogen bubbles associated w i t h  oxygen c r y s t a l s  
could be the detonat ion mix tu re  i n  LOX/LH2 systems. 
3.1 - BUBBLE POPULATION DYNAMICS 
Bubble populat ion dynamics invo lves a desc r i p t i on  of the bubble 
populat ion i n  a mass o f  b o i l i n g  l i q u i d  (e.g., the H2 p lug  f a l l i n g  
The formation, movement, and disappearance of bubbles i s  
The d e t a i l s  o f  the model development can be found i n  Appendix A. 
A general model i s  described and some p e r t i n e n t  s i m p l i f i e d  cases are 
f u r t h e r  developed. The models are sumnarized i n  t h i s  sect ion.  
3.1.1 The General Model 
The general model inc ludes f i v e  bas ic  processes : 
Bubble product ion by nucleate b o i l i n g  
Bubble f l ow  i n t o  and ou t  of  a reg ion  
Bubble growth i n t o  and ou t  o f  a s i ze  range 
Bubble break-up 
Coalescence o f  two o r  more bubbles 
The general expression which inc ludes a l l  these factors  i s :  
where j- = the f l ow  c ~ f  bubbles (bubble cur ren t )  
s = nuc leat ion p r o b a b i l i t y  
f (R)  = nuc leat ion s i ze  d i s t r i b u t i o n  
B = break-up probabi 1 i t y  
C = coalescence p r o b a b i l i t y  
G = growth p r o b a b i l i t y  
While t h i s  expression includes a general desc r i p t i on  o f  a l l  important 
phenomena i t  does not, i n  general, prov ide a convenient means of  so l v i ng  
for  n o ther  than by invo lved numerical ana lys is .  Spec i f i c  r e s t r i c t i o n s  
governing the behavior o f  the system must be introduced t o  ob ta in  usable 
model s . 
Sor~~e S imp l i f i ca t i ons  
When apply ing the general equat ion t o  s p e c i f i c  cases, more concrete 
statements must be made about s p e c i f i c  g r a v i t y .  Frequency func t ions  
must be detemlined f o r  nuc leat ion,  coalescence and break-up; the  r e l a -  
t i o n s h i p  between bubble ve loc i t y ,  s i z e  and p o s i t i o n  must be def ined; 
the re l a t i onsh ip  f o r  bubble growth r a t e  as a f unc t i on  o f  s i ze  and pos i -  
t i o n  must be developet; and models f o r  discont inuous re:ions must be 
matched up. The task i s  c l e a r l y  formidable f o r  general models espec ia l l y  
i n  ob ta in ing  so lu t ions  t o  the equations. However, some cases a re  rea- 
sonably t r a c t a b l e  and prov ide some i n s i g h t  i n t o  the bubble populat ion 
i n  the mix ing propel lants .  This,  i n  t u r n  can be r e l a t e d  t o  charge 
b u i l  d-up and discharge across o r  among bubbles. 
A s i m p l i f i c a t i o n ,  common t o  a l l  the s p e c i f i c  models, i s  the  neglect  
o f  bubble coalescence and break-up. Th is  i s  reasonable if the bubble 
dens i ty  i s  low and no very l a rge  bubbles e x i s t .  A f u r t he r  s i r ~ p l i f i c a -  
t i o n  occurs i f  the bubble v e l o c i t y  depends on l y  an s ize.  In t h i s  case, 
s ince there i s  on ly  one growth f unc t i on  f o r  a l l  regions, i t  i s  now 
poss ib le  t o  w r i t e  the crrrrent as 
The expression f o r  j (R)  can be inser ted i n t o  Equation 3-1, and 
w i t h  the coalescence and breakup terms ignored, the r e s u l t  i s  
an 2 + G(R) + ( R )  on = s ( r , t )  f(R). 
Expressions f o r  G(R), v(R), S(r , t )  and f(R) are needed t o  make 
the re la t ionsh ip  solvable. It then becomes a f i r s t  order, p a r t i a l ,  
d i f f e ren t i a l  equation f o r  n(r,R,t). 
3.1.3 The Two Reqion Model 
I n  the case o f  two l i q u i d s  coming i n t o  contact w i t h  one bo i l i ng ,  
the general equation must be .appl ied t o  two regions: one where bubble 
evolut ion and growth occurs i n  a boundary l aye r  under a supersaturated 
condit ion, and one where the surrounding l i q u i d  i s  saturated but  no t  
superheated. 
The Boundary Reqion 
The growth i n  the boundary region can be described from empir ical  
re lat ionships i n  the 1 i t e r a t u r e  (see Appendix A) .  The radius of the 
bubble as a funct ion o f  time i s  
where K = conduct iv i ty  
v = vapor density 
Q = l a t c n t  heat 
a = thermal d i f f u s i v i t y  
c0 = superheat 
t = time 
Therefore 
R = K t1I2, K = constant 
A force balbnce on the i nd i v idua l  bubble provides an equation o f  
motion on the assumption t h a t  the ch ie f  impetus f o r  bubble motion i n  
the boundary region i s  buoyancy: 
Net Force = Buoyancy - Drag 
4 3 d V =  
J n R  D b Z  4 3 - n R  Pg 3 - 6 n u RV. (3-4)  
The problem becomes one-dimensional i n  the v e r t i c a l  d i r e c t i o n  so 
t h a t  1 becomes Z. Rearranging Equation (3-4)  gives 
dV 9u 
- + - v  = a 
dt 2pbR Pb 
From the growth equat ion (Equation 3-3) 
Equation (3-5) can be solved f o r  V(R) so t h a t  
where 
- 9u C, - -- 
therefore 
and 
I n  one dimension, Equation (3-2) becomes 
where 
I f  we assume t h a t  nuc lea t ion  proceeds a t  a  constant r a t e  and a 
s i ng le  s i z e  then 
f ( R )  = 6 ( R )  d i  r ac  de l  t a  f unc t i on  
and 
S(z, t )  = S = constant r a t e  o f  nuc lea t ion  
Equation (3-9) can be solved t o  g i ve  
where 
A t  the in te r face  where Z = h  
For example, i f  the degree o f  superheat i s  5°C ( t h e  r e a l  value 
w i l l  be g rea te r  than zero and l ess  than 20°C) i n  l i q u i d  hydrogen then 
and 
Then a 0.25-in. bubble (such as o~served by Farber) w i l l  emerge from 
a boundary region o f  thickness 
h = by4 ------ = 7.9 Cm. 
6 3 Furthermore, i f  S = 1 x 10 nucleilsec-m a t  z = 0 (an a r b i t r a r y  guezs) 
then 
n = 1.1 x 10 5 0.25 i n .  bubbles 
sec - m 3 
a t  the in te r face .  
The Bulk F l u i d  
The fo l lowing set  o f  equations describes the bulk  f l u i d  f o r  the 
simp1 i f i e d  case t o  be considered. Detai l ed  arguments developing these 
equations can be found i n  Appendix A. 
- dM = o (no mass t ransfer)  
d t  
- ds - 0 (constant t o t a l  entropy) 
d t 
= .+ (vapor i s  idea l  gas) 
~ v ( ' )  r T z 
where r = gas law constant 
T Sv(z) = Cpv i n  - - P 
1 
r l n  -- (vapor entropy) 
1 
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L = constant l i q u i d  densi ty  
T2 Reference State 
P(z) = Po - pLgz (hydrostat ic  pressure) 
These equations are manipulated ( i n  Appendix A )  t o  get the densi ty  of 
a bubble 
P,,(z) Q 
P ( Z )  = 
To (1 - i-p~ 'TIPV I n  - T1 - 
1 
where Q = l a t e n t  heat 
T(z)  = saturat ion temperature a t  P(z) 
Since $ = 0, then M = Mo so t h a t  
With s i m i l a r  arguments f o r  buoyancy forces as i n  the boundary region 
development 
where 
- 67r 11 R ( z )  h (z )  = &-J - 1) g and f ( z )  - 
Mo 
and v e l o c i t y  can be obtained from 
which must be solved numer ica l l y  s ince i t  does no t  have a closed-form 
so lu t ion .  A f t e r  numerical i n t e g r a t i o n  R(z),  V(z) and, therefore,  V(R) 
are known and 
where 
Equation (3-15) cou ld  then be solved numer ica l l y  t o  ob ta i n  n(z,R,t) 
i n  the bubble f l u i d .  The boundary cond i t i on  f o r  the s o l u t i o n  would be 
n(h,R,t) obtained from Equation (3-11). 
3.2 THE SOLID OXYGEN PHASE 
I n  the  hydrogen-oxygen case there  i s  a l a r g e  temperature d i f fe rence  
between the  two components. If the tanks a re  a t  atmospheric pressure, 
the hydrogen w i l l  be a t  20°K and the oxygen a t  90°K. The oxygen w i  11 
tend t o  b o i l  hydrogen and a t  the  same t ime w i  11 cool  r a p i d l y .  Since 
the me1 t i n g  p o i n t  o f  oxygen i s  55"K, which i s  w e l l  above the hydrogen 
temperature, i t  i s  l i k e l y  t h a t  s o l i d  oxygen w i l l  form. 
The heat removed by hydrogenlvapor izat ion i s  re1  ated t o  oxygen 
cool  i n g  and f reez ing by 
where 
, MH = mass o f  He vaporized, 
Mo = mass o f  O2 frozen, 
M Mot  = mass o f  O2 cooled from T~~ t o  To , 
Co = heat capaci t y  o f  oxygen, 
Mo t  = mass o f  O2 cooled some other  amount AT, 
AT = a r b i t r a r y  temperature difference (unknown), 
hH = l a t e n t  heat o f  vaporizat ion of hydrogrn, 
0 
= l a t e n t  heat o f  fus ion  o f  oxygen, 
ToB = b o i l i n g  po in t  3 f  oxygen, and 
T: = me1 t i n g  po in t  o f  oxygen. 
The la rges t  c rys ta l  mass o f  axygen w i l l  be formed dhen a l l  heat used 
t o  b o i l  hydrogen i s  taken from d ce r ta in  mass of oxygen which i s  sub- 
sequently frozen ( t h a t  i s  Mo = No', MOu = o ill the lieat balance). 
Therefore, the la rges t  c rys ta l  occurs when 
B M 
MH - (To - To ) C, io then - - .- 
Mo A~ 
The volumetric r a t i o  i s  
and the mole r a t i o  i s  
; 32 (0.156) = 2.5. 
moles oxygen 2 
I f  the hydrogen was i n  the form o f  0.25-in. bubbles, then the 
associated oxygen c rys ta l  would have a volume of about 7 x 10-4 cm3 
which, i f  spherical, would be about 0.09 i n .  i n  diameter. Therefore, 
one might envision a 0.09-in. diameter oxygen c rys ta l  (o r  smal ler) 
associati d w i th  each 0.25-in. hydrogen bubble. 
17: oxygen c rys ta l s  would account f o r  very l i t t l e  o f  the mixed 
hyc:rogt $1 volume, but  could be important i f  not  essent ia l  t o  detonation. 
Ir another propel lant  safety study i t  was found t h a t  i f  a ni trogen- 
oxyy2n .nixture o f  a t  l eas t  75% oxygen was mixed w i t h  hydrogen, su f f i -  
c i e n t  s o l i d  oxygen was formed t o  support detonation o f  the hydrogen 
by a spark."he quant i ty  o f  75% oxygen added t o  300 g hydrogen was 
75  g r~h'ch means t h a t  about 16% s o l i d  oxygen i'l the hydrogen i s  needed. 
Th system could be modeled as fol lows. The hydrogen mass i s  a 
plug of f l u i d  enter ing the oxygen pool. As the p lug enters, hydrogen 
b r b b l ~ s  and s o l i d  oxygen c rys ta l s  are formed and dispersed through the 
hj3rogen (because of the very small s ize  of the oxygen c rys ta ls ) .  Arcs 
across bubbles o r  frorr, bubble t o  bubble must be i n  the presence of 
oxygen close t o  the bubbles; the essent ia l  oxygen would probably be 
i n  the torm o f  s o l i d  c rys ta ls .  Thus, i t  appears t h a t  one whould view 
the process as a spark (across bubbles o r  between bubb1.e~) which vapo- 
r i z e s  some oxygen from the sol  i d  and sets o f f  the hydrogen-oxygen gas 
m i  xt:!re. 
3 . 3  -- MODELING OF THE MIXING PROCESS 
When one 1 i q u i d  i s  released i n t o  the other, a mixing process 
b e g i i : ~ .  The C r i t i c a l  Mass Hypothesis i s  based on thp idea tha t  a 
s t a t i c  c:hdrge i s  b ~ ~ i l d i n g  up simultaneously w i th  the mixing so tha t  
a c r i t i c a l  mass ; - mixed when s u f f i c i e n t  charge i s  b u i l t  up t o  
guarantee i g n i t i o n .  The c r i t i c a l  mass curve i s  based on the r e l a t i o n -  
ship between mass mixed and mixing energy. The shape o f  the curve i s  
governed by the mass-energy re la t ionsh ip  whi le  the speci f ic  constants 
are determined from the data on charge build-up. 
The mixing model described here (and deta i led  i n  Appendix B)  
shows t h a t  the shape o f  the high energy por t ion  o f  the c r i t i c a l  mass 
curve car6 be der iv f  from f i r s t  p r inc ip les .  
I n  the hiq; energy region i t  i s  reasonable t o  assume tha t  the 
mixing i s  due LO i so t rop i c  turbulence. A re la t ionsh ip  between mixing 
energy and quant i ty  m i  xed can then be developed from Kolmogoroff 
theory o turbulent  mixing. 
The r a t i o  of the amount o f  A mixed w i t h  B (= m) and the t o t a l  
arcdnt of A can be des;r i  bed i n  terms o f  time and a constant, w t l  ~ c h  
Lepends on the pow..r density (energy density) : 
where 
= powerlunit  volume B 
Integration o f  the re la t ionsh ip  over a  period of time w i t h  a  constant 
i n f l u x  r a t e  dM/dt gives 
where kl , k2 are constants. 
Using the re la t ionsh ip  f o r  energy 
E = Mgx 
where x  = u l lage space height and expanding the m(t )  re la t i onsh ip  gives 
where Kg = constant 
as the f i r s t  term i n  the series. I t  can be shown t h a t  other terms i n  
the series are small f o r  condit ions o f  i n te res t .  This term i s  i den t i ca l  
w i t h  the high energy term i n  the c r i t i c a l  mass equation. 
Therefore, t h i s  theory developed on f i r s t  p r i nc ip les  appears t o  
support the empir ical  i n te rp re ta t i on  used by Farber t o  develop the 
high energy term i n  the c r i t i c a l  mass curve. 
MECHANISMS OF ELECTROSTATIC IGNITION 
A number of e l e c t r i c a l  i g n i t i o n  mechanisms can be pos tu la ted  i n  
the r a p i d  mix ing of l i q u i d  oxygen (LOX) w i t h  l i q u i d  hydrogen (LH2) o r  
l i q u i d  hydrocarbon fue ls  ( 1  i ke RP-1) . These inc lude:  
1 ) e l e c t r i c  discharge across combustible f u e l  -oxygen vapor mix tures 
w i t h i n  the m ix tu re  bulk,  
2)  l i q u i d  d i e l e c t r i c  breakdown discharge across both fue l  and oxygen 
w i t h i n  the  m ix tu re  bu lk ,  re leas ing  a combustible vapor mix, and 
3 )  e l e c t r i c  discharge through combustible vapor from o r  among d rop le t s  
e jec ted  from t h e  surface i n  b o i l i n g .  
A necessary cond i t i on  f o r  any o f  these e l e c t r i c a l  i g n i t i o n  mechanisms 
i s  a charge separat ion g i v i n g  r i s e  t o  a p o t e n t i a l  d i f ference s u f f i c i e n t  
t o  cause a discharge. 
4.1 STREAMING POTENTIALS IN FUEL-LIQUID OXYGEN MIXING 
The streaming p o t e n t i a l  phenomenon has been long  known t o  e x i s t  i n  
flows through capi  1 l a r i e s  and porous plugs , and a q u a n t i t a t i v e  t reatment 
has long been a v a i l a b l e  al though i t  does have r e s t r i c t i v e   assumption^.^ 
The phenomenon has been described mathematical ly and consistency o f  the 
desc r i p t i on  has been v e r i f i e d  experimental l y 7 s 8  f o r  laminar f lows o f  
f l u i d s  through c a p i l l a r i e s  and porous plugs. 
Th is  streaming p o t e n t i a l  phenomenon occurs as a consequence o f  the 
e l e c t r i c a l  double l a y e r  a t  the  i n t e r f a c e  between two mate r ia l s .  The 
i n t e r a c t i o n  of the two mate r ia l s  r e s u l t s  i n  t h i n  regions which a re  n o t  
e l e c t r i c a l l y  neu t ra l  i n  the reg ion o f  the i n t e r f ace .  Since the reg ion  
o f  e l e c t r i c a l  charge i s  t h i n  bu t  o f  f i n i t e  extent ,  some o f  the charge 
gets c a r r i e d  away w i t h  the  l i q u i d  f l ow  a t  a s o l i d - l i q u i d  i n t e r f ace  ( o r  
presumably a t  a l i q u i d - 1  i qu i d ,  l iqu id-gas,  o r  o ther  i n t e r f ace  a t  which 
there i s  both c lose  contact  and r e l a t i v e  mot ion).  The convect ive f low 
o f  charge r e s u l t s  i n  the bu i ldup  o f  an e l e c t r i c  f i e l d  which i n  steady- 
s t a t e  d r i ves  a conduct ive cu r ren t  o f  equal magnitude and oppos i te  sense 
t o  the convect ive cu r ren t .  Th is  e l e c t r i c  f i e l d  i s  respons ib le  f o r  the  
streaming p o t e n t i a l .  
I n  the mix ing o f  LOX and e i t h e r  LH2 o r  hydracarbon fue ls ,  we p i c t u r e  
globules,  plugs, o r  columns o f  a l i q u i d  ( L i q u i d  A )  p lung ing i n t o  another 
l i q u i  ( L i q u i d  B)  (and poss ib l y  bubbl in t i  bdc . upward due t o  buoyancy). 
The convect ive charge f l ow  a t  the inl:;,t.facc! w!rnre l i ietse i s  i s e l a t i v e  
motion o f  the two mate r ia l s  would r e s u l t  i n  a v d r t i c a l  e :ec t r i c  f i e l d ,  
hence a p o t e n t i a l  d i f f e rence  between v e r t i c a l  l v  separated po i v t s .  This 
may be ~ ~ e s p o n s i b l e  f o r  the  p o t e n t i a l  d i f f e rence  measured by Farber 
between v e r t i c a l l y  separated screen p a i r s  below the  lower l i q u i d  surface 
when l i q u i d  f u e l s  were poured Snto LOX and v i ce  versa. Since bubbles 
o f  the  more v o l a t i  l e  component (hydrogen i n  hydrogen-oxygen mixing, oxygen 
i n  oxygen-hydrocarbon f u e l  mi x i  ng) would be forming most r a p i d l y  near 
the i n t e r f a c e  and would poss ib ly  have a combust ib le admixture of the  
l ess  v o l a t i l e  component, the  e l e c t r i c  f i e l d  r e s u l t i n g  from the convec- 
t i v e  charge f low could  conceivably cause i g n i t i o n  by discharge across 
bubbles. I n  the fo l low ing  d iscuss ion we w i l l  t r y  t o  est imate t he  
e l e c t r i c  f i e l d  t h a t  could r e s u l t .  
Consider a plug, column, o r  f i l amen t  o f  L i q u i d  A plunging i n t o  
L i q u i d  B. Suppose L i q u i d  A moves w i t h  v e l o c i t y  v and t h a t  most o f  
L i q u i d  B moves more s lowly .  The convect ive cu r ren t  il through a 
cross sec t ion  of the  column i s 9  
where the sur face i s  a cross sec t ion  o f  the  column and pq  i s  t he  
charge dens i ty .  The charge dens i t y  s a t i s f i e s  the  Poisson equat ion 
i n  (Gaussian u n i t s )  : 
2 i j ,  = -4ni3 / K .  
4 (4-2) 
If we take the charge dens i t y  as r e s u l t i n g  from the  chemical i n t e r a c t i o n  
a t  the i n t e r f ace  and maneuver Equations (4-1) an6 (4-2), we ob ta i n  as 
the dominant term 
Here, 1, i s  the  value o f  the  p o t e n t i a l  $ a t  the  i n t e r f a c e  and i s  known i n  
electrochemical  and e l e c t r o k i n e t i c  work as the  zeta p o t e n t i a l .  The l i n e  
i n t e g r a l  i n  Equation (4-3) i s  around the edge o f  the  sur face S.  
The t r a d i t i o n a l  expression f o r  streaming p o t e n t i a l  i n  a c a p i l l a r y  
invo lves the P o i s e u i l l e  expression f o r  laminar viscous f low i n  a 
cy l i nde r .  Although we do no t  necessar i l y  expect laminar f low i n  th-  
dumping o f  L i q u i d  A i n t o  L i q u i d  B, we do expect a boundary l aye r  a t  the 
i n t e r f ace .  We a l so  expect the c u r l  o f  t he  v e l o c i t y  a t  the surface t o  be 
v A oxv - t 
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where sca le r  v = v e l o c i t y  a; the  center  o f  the column, s = the  thickness 
of  the boundary layer ,  and t = a u n i t  vector  tangent ia l  t o  the boundary, 
c, of the surface, s. Accordingly, the  convect ive cur ren t  il i s  
where I = the leng th  o f  the per imeter o f  the f low ing  column of f l u i d .  
The convect ive f low o f  charge r e s u l t s  i n  a charge separat ion and 
hence i n  an e l e c t r i c  f i e l d  t h a t  t r i e s  t o  r es to re  charge n e u t r a l i t y  by 
conduction. The r e t u r n  conductive f low path could be through both the 
column o f  L i q u i d  A o r  through L i q u i d  B. To see what e l e c t r i c  f i e l d  
magnitudes might r e s u l t ,  consider the case where L i q u i d  B i s  of much 
lower e l e c t r i c a l  conduc t i v i t y  than L i q u i d  A. I f  the f low continues 
long enough, a conductive cur ren t  i 2  w i l l  b u i l d  up so t o  g i ve  a zero 
t o t a l  cu r ren t :  
Yere, conductive cui-rent i 2  i s  given by 
where a = conduc t i v i t y  of L i q u i d  A, and 
A = cross sect ional  area of the  f l ow  stream 
<E> = average e l e c t r i c a l  f i e l d  across f low stream. 
From Equations ( 4 -5 )  through ( 4 -7 )  we deduce an e l e c t r i c  f i e l d  magnitude 
This approximate r e l a t i o n  i s  usefu l  f o r  est imat ing the e l e c t r i c  f i e l d  
which might develop, a1 though the average e l e c t r i c  f i e l d  could d i f f e r  
subs tan t i a l l y  from the peak value f o r  l a rge  area f low columns. For 
la rge  area f low columns, the conductive f low and the e l e c t r i c  f i e l d  
d r i v i n g  i t  might be l i m i t e d  t o  regions near the in ter face.  
Dimensional arguments g i ve  a boundary l a y e r  th ickness on the  
order o f  
where u = coe f f i c i en t  o f  v i scos i t y ,  
'm = mass densi ty,  
v = v e l o c i t y  a t  po in t s  away from the i n te r f ace ,  and 
x = d is tance from leading edge o f  the surface along which the 
boundary 1 ayer devel ops . 
For our p i c t u r e  o f  a column o f  L i q u i d  A pene t ra t ing  i o t o  L i q u i d  B, 
d istance x i s  the  d is tance from the leading end o f  t he  column. However, 
Expression 4-9 f o r  the boundary l a y e r  th ickness should no t  be taken too  
ser ious ly  f o r  x approaching zero nor  f o r  6 l a r g e r  than the order  o f  one- 
four th  of the transverse f l ow  dimensions, the l a t t e r  being the laminar 
f low l i m i t .  
We i n s e r t  Equation (4-9) i n t o  Equation (4-8) f o r  a c i r c u l a r  
cy l  i n d r i c a l  column and s u b s t i t u t e  p i a u s i b l e  values f o r  hydrogen p lunging 
i n t o  oxygen: 
v = 600 cm/sec ( v e l o c i t y  o f  the p lug)  
c = 0.1 v o l t  = 0.333 x lom3 s ta tvo?  t (est imated zeta p o t e n t i a l ,  
uncer ta in  by fac to r  t.3 and s ign)  
r~ 
= 3 cm ( rad ius o f  column) 
x = 5 cm (d is tance from end o f  column) 
p = 1.4 x gm/cm sec (LH2 v i s c o s i t y  a t  b o i l i n g  po in t ,  ZO°K) 
K = 1.23 ( d i e l e c t r i c  constant)  
17 6 ( l / a )  = 10 ohm cm = 1/9 x 10 sec ( r e s i s t i v i t y  o f  l i q u i d  hydrogen)* 
3 
m = 7.1 x gm/cm ( l i q u i d  hydrogen dens i ty ) .  
The estimated e l e c t r i c  f i e l d  w i t h  t h i s  s e t  o f  numbers i n  Equations (4-8) 
and (4-9) i s  
* The estimated hydrogen r e s i s t i v i t y  i s  u r ~ c e r t a i n  by orders of magnitude 
due t o  i o n i c  im u r i t y  content.  The number used was repor ted by S Cassutt l l  = 101 ohm cm. 
Using an e l e c t r i c  r e s i s t i v i t y  4 orders of magnitude lower would g i ve  
c E >  = 1.07 x 105 volt/cm, which i s  s t i l l  a p l aus ib l e  number 
The breakdo? f i e l d s  i n  hydrogen gas a t  atmospheric pressure and 
20°K are ~1 x 1 0 ~  vo l  ts/cm. Thus, breakdown f i e l d  s t rengths could 
conceivably be g r e a t l y  exceeded by the streaming p o t e n t i a l  mechanism, 
bu t  sharpening o f  both the model and the phys ica l  parameters i s  needed. 
One i n t e r e s t i n g  proper ty  of streaming p o t e n t i a l s  i s  t h a t  the zeta 
po ten t i a l ,  i, can be markedly affected by impu r i t i es  i n  the l i q u i d .  For  
example, the e f f e c t  on the zeta p o t e n t i a l  o f  adding Th(N03)4 t o  water 
(shown i n  Table 4-1) i s  appreciable f o r  very small q u a n t i t i e s  o f  so lu te .  l 2  
I n  fact ,  the s ign o f  the zeta p o t e n t i a l  can a c t u a l l y  be changed by 
impu r i t i es .  This leads t o  the speculat ion t h a t  reversed p o l a r i t i e s  i n  
Farber 's vol tage measurements could have been due t o  bu i ld-up of impur i -  
t i e s  i n  the t e s t  system. 
TABLE 4-1. E f f e c t  o f  Th (NO3)4 on Zeta Po ten t i a l  
Between Water and Glass 
Concentration of Th(N03)4 
Zeta Po ten t ia l  i n  Water 
( v o l t s )  - ( ppm) 
-0.16 0 
0 48 
+O. 14 4800 
Marked changes i n  r e s i s t i v i t y  and the zeta p o t e n t i a l  i t s e l f  could 
g rea t l y  a l t e r  the charge bu i ld-up ra tes .  However, i t  i s  no t  c e r t a i n  
what k ind  o f  impu r i t i es  one might f i n d  i n  l i q u i d  hydrogen o r  oxygen. 
By the nature o f  t h e i r  co ld  temperatures, the cryoqenic l i q u i d s  r e s i s t  
d i sso lu t i on  o f  most impur i t i es .  
DISCHARGE ACROSS VAPOR BUBBLES I N  THE LIQUID 
D i e l e c t r i c  breakdown w i t h i n  the l i q u i d  i s  p l aus ib l e  f o r  i g n i t i o n .  
However, i t  requi res no t  on ly  an e l e c t r i c  f i e l d  which i s  s u f f i c i e n t  t o  
cause breakdown, bu t  a1 so requi res d i s s i p a t i o n  of enough energy t o  vapo- 
r i z e  mater ia l  i n  a reg ion o f  t ransverse dimensions which are l a r g e r  than 
the quenching d is tance (quenching distance i s  smal l e s t  d is tance from a 
wa l l  o r  o ther  s t r uc tu re  f o r  which a combustion process can cont inue) .  
Walls o r  l i q u i d  mater ia ls  can "quench" combusticn i n  vapors by robbing 
e i t h e r  heat o r  reac t ing  ions.  The quenching distances f o r  var ious con- 
cen t ra t ions  o f  hydrogen i n  a i r  are given i n  Table 4-2.13 A spacing o f  
0.06 cm i s  requ i red  f o r  s to ich iomet r i c  p roper t ies  w i t h  much l a r g e r  spac- 
ings (approaching 1 cm) f o r  h igh o r  low hyaroyen percentages; hydrocarbons 
(1  i ke RP-1) would requ i re  even greater  distances. We a n t i c i p a t e  somewhat 
shor te r  quenching distances f o r  d i e l e c t r i c  surfaces l i k e  LOX o r  tH2 
than these experimental va i  ucs measured w i t h  metal e lec t rodes,  bu t  of 
the same order .  See Appendix C f o r  d iscuss ion.  
TABLE 4-2. Para1 l e l  P l a te  Quenching Distances 
f o r  Hydrogen-Ai r Mix tures 
H2 by Quenching 
Volume, % --- Distance, cm 
L i q u i d  d i e l e c t r i c  b reakdo~n  i g n i t i o n  might r e s u l t  from discharges 
te rmina t ing  on oxygen c r y s t a l s  i n  LOX-LH2 mix ing o r  on wax-state hydro- 
carbon f u e l s  i n  LOX-l iquid hydrocarbon mixing. Fur ther  d iscuss ion of 
oxygen c r y s t a l s  appears i n  Sect ion 3.1 under "The S o l i d  Oxygen ':baseu. 
The contact  p o t e n t i a l  mechanism gives r i s e  t o  a  f i n i t e  th ickness 
charge l aye r  a t  the i n t e r f a c e  between mate r ia l s .  as w i l l  be discussed 
f u r t h e r  ir! Sect ion 4.3. R i s i ng  b u ~ b l e s  o f  hydrogen vapor w i  11 have a 
tendency t o  have p a r t  of the  charge ou ts ide  them sheared of f  by the 
r e l a t i v e  nlotion as shown i n  F igure 4-1. The charge separat ion r e s u l t s  
i n  a  v e r t i c a l  f i e l d  component which tends t o  p u l l  the ex te rna l  charge 
along w i t h  the  bubbles. Th is  v e r t i c a l  e l e c t r i c  f i e l d  component cou ld  
con t r i bu te  t o  the p o t e n t i a l  d i  f ie rence observed by Farber between 
v e r t i c a l  l y  separated hor i zon ta l  screens. 
The charge i n  the  l i q u i d  j u s t  ou ts ide  a bubble sur face i s  
approximately 
where QA i s  charge per u n i t  area. Re la t i ve  motion o f  bubble and 1 i q u i d  
a t t e m ~ t s  t o  sweep t h i s  charge o f f ,  r e s u l t i n g  i n  an average convect ive 
cu r ren t  Jc i n  the l i q u i d  from a dense c loud of moving bubbles g iven by 
where 'ieff i s  the e f f e c t i v e  ( f o r  ca r r y i ng  charge) f l ow  v e l o c i t y  component 
i n  the mean f l ow  d i r e c t i o n .  Here nv i s  number o f  bubbles per ~ r n i  t 
volume. Ihe value o f  e f f e c t i v e  v e l o c i t y  V e f f  i s  l ess  than the  1,e la t ive 
v e l o c i t y  o f  f l u i d  t o  bubbles, because of boundary i a y e r  e f fec ts .  I t  i s  
a  f unc t i on  o f  both charge l a y e r  th ickness and f l ow  boundary l aye r  t h i c k -  
ness. An e l e c t r i c  f i e l d  develops ~ r h i c '  tends t o  keep the charge moving 
FIGURE 4-1. R is ing  Bubble Charge Transport  
w i t h  the bubbles. Equating t h i s  conduct ive cu r ren t  magnitude t o  
t h a t  of the oppos i te l y  d i r ec ted  convect ive cu r ren t  g ives 
This can be w r i t t e n  
3 where 13 = (413) n r  nv i s  the volume f r a c t i o n  occupied by bubbles. 
To develop an order  of magnitude est imate of .E-, observe t ha t  
e f f e c t i v e  v e l o c i t y  V e f f  i s  l i k e l y  t o  be given by something 1 i k e  
i s  average r e l a t i v e  v e l o c i t y  o f  f l u i d  t o  bubbles, s i s  
charge ayer th ickness, and 6 i s  f l u i d  boundary l aye r  th ickness.  We w e e "f 
assume s  6 .  We w i l l  take as an approximat ion f o r  QA ( i n  cgs 
Gaussian u n i t s )  
Where V o  i s  a  p o t e n t i a l  a t  the i n t e r f a c e  t h a t  i s  on t he  o rder  of the 
d i f f e rence  i n  work func t ions  f o r  the  two materials and z i s  r e l a t i v e  
d i e l e c t r i c  constant.  These approximations g i ve  
1  
. t> - - 3t Vg 
,, "av G ra 
We f u r t h e r  take the  average r e l a t i v e  v e l o c i t y  V a v  t o  be the Stokes 
v e l o c i t y  ( v a l i d  on l y  f o r  small bubbles), 
where !I i s  f l u i d  v i s cos i t y ,  PL and P B  are  l i q u i d  and bubble dens i t i es ,  
and g  i s  the  acce le ra t ion  o f  g r a v i t y .  With t.his V a v  we ob ta i n  
I n s e r t i n g  a r b i t r a r y  bu t  p l a u s i b l e  parameters, 
o = 0.009 sec-' = (ohm cm)-' 
a = 0.1 
- 
"B = n e g l i g i b l e  
g  = 980 cm/sec 2 
- 0.1 
vo - 300 s t a t v o l  t = 0.1 v o l t  
= 9  x gm (cm-sec)" 
we ob ta in  
This f i e l d  s t rength compares w i t 1 1  a d i e l e c t r i c  breakdown f i e l d  of 
105 vo l t l cm  i n  20°K hydrogen gas. Th is  suggests t h a t  discharge 
across r i s i n g  hydrogen bubbles i s  poss ib le  by t h i s  mechanism. 
4 . 3  ELECTROSTATIC CHARGING EFFECTS AT SURFACES OF M I X I N G  LIQUIDS 
If two l i q u i d s  whose vapors from combustible mix tures a re  v i o -  
l e n t l y  mixed (as by dumping one i n t o  the  o the r ) ,  the  cover gas - l i qu id  
i n t e r f a c e  seems a l i k e l y  p lace f o r  i g n i t i o n .  For v o l a t i l e  mater ia ls ,  
a combustible r . i x tu re  a t  many l oca t i ons  over the surface i s  probable. 
One i s  therefcase l e e  t o  seek a mechanism f o r  e l e c t r i c a l  d ischarge of 
s u f f i c i e n t  i n t e n s i t y  f o r  i g n i t i o n  a t  the surface. 
Experimental work o f  HarperI4 v e r i f i e d  charging o f  1 i q u i d  d rop le ts  
formed a t  a number o f  l i q u i d  surfaces. H is  dat3 was obtained by bub- 
b l  i n g  n i t rogen  gas up through the 1 iqu ids .  Charged d rop le ts  o f  both 
signs were seen (though n o t  i n  equal numbers) when f r o t h  bubbles broke. 
While the exact mechanism f o r  t h i s  charging cannot be deduced from 
these experiments, the  ex~e r imen ts  do seem t o  prove t h a t  d rop le ts  
charging so formed does occur. We be l i eve  t h a t  contact  p o t e n t i a i  
mechanism i s  resporisible f o r  the charging observed by Harper. If an 
e l e c t r i c  f i e l d  i s  present, an induc t ion  process can a l so  con t r i bu te  t o  
d rop le t  charsing. Harper, however, a t t r i b u t e d  h i s  d rop le t  charging t o  
shear i n  e l e c t r i c a l  do l b l e  layers .  
q u a l i t a t i v e l y ,  a space charge l a y e r  i s  known t o  occur near the i n t e r -  
face between d i s s i m i l a r  mate r ia ls .  The space charge reg ion  suppl ies the 
e l e c t r i c a l  po ten t i a l  d i f f e rence  needed t o  g i ve  zero ne t  cu r ren t  a t  equi -  
l i b r i u m  between d i s s i m i l a r  mate r ia ls  i n  contact.  Treat ing the  case o f  
metal-semiconductor contacts,  Schottky proposed a model i n  which the 
w id th  of t h i s  space charge reg ion  i s  p ropor t iona l  t o  the square r o o t  of 
the c o n t ~ c t  p o t e n t i a l  and inverse ly  p ropor t iona l  t o  the square r o o t  of 
the number dens i ty  o f  donor (acceptor)  atoms f o r  an n (p )  type semiconduc- 
t o r .  If t h i s  q u a l i t a t i v e  dependence on donor atom dens i ty  holds, then the 
space charge reg ion becomes t h i c k  f o r  h i g h l y  r e s i s t i v e ,  very pure cryogenic 
1 iqu ids .  A t h i c k  reg ion o f  space charge i n  the l i q u i d  oxygen around a 
hydrogen bubble when i t  breaks the surface gives an oppor tun i ty  f o r  
charged oxygen d rop le t  fo rmat i  on. Presumably there would be opposi te 
s ign charging on h igh mobi 1 i t y  hydrogen molecules. 
Tb'; postu la ted l i q u i d  oxygen d r o p l e t  charging a t  the surface of 
the LdX-hydrogen mix ture could conceivably lead t o  i g n i t i o n  i n  a number 
o f  ways : 
1 )  E l e c t r i c a l  discharge between an oxygen drop le t  and the bulk  
1 i q u i d  as the drop le t  i s  e jected away i n  f r o t h  bubble breakage, 
2)  E l e c t r i c a l  discharge between a charged drop le t  and the bulk  
l i q u i d  as the charged drop le t  f a l l s  back i n t o  the l i q u i d ,  
3) Discharge between f l y i n g  drop le ts  w i t h  d i s s i m i l a r  l eve l s  of 
charging, 
4) Min iature " l i gh tn ing "  f lashes i f  cover gas f low over the surface 
o r  d i f fe rence i n  mobi 1 i t i e s  separates charged oxygen droplets  
from oppositely charged hydrogen gas, 
5 )  Droplet -droplet  discharge by the f o l  lowing sequence of events : 
Cover gas flow over the LOX-hydrogen mix, di f ference i n  
mobi 1 i t i e s ,  o r  g rav i t a t i ona l  e f fec ts  separate oxygen droplets  
from oppositely charged hydrogen gas. Drop1 e ts  formed under 
the non-space-charge-neutralized oxygen drop le t  cloud get 
opposite s ign charge by induct ion. Droplets o f  opposite s ign  
spark discharge i n  passing. 
A sketch showing drop le t  charging a t  the l i q u i d  surface i s  shown 
i n  Figure 4-2. 
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FIGURE 4-2. Surface Froth Droplet  Charging Ef fec ts  
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For mix ing LOX and RP-1, s i m i l a r  pos tu la tes  lnay i t i l l  exp la i n  
surface au to ign i  t i on .  Oxygen vapor bubbles r i s e  r a p i d l y  t o  the  
surface w i t h  con tac t  p o t e n t i a l  charge d i s t r i b u t i o n s  i n  the RP-1 
layers  around i t  and i n  the  oxygen vapor o f  the bubble. The RP-1 
d rop le t s  get  a charge when the f r o t h  breaks a t  the  surface. Some 
of  the RP-1 around a r i s i n g  oxygen bubble may be wax, j u s t  as some 
of the oxygen around a r i s i t ~ g  hydrogen bubble may be c r y s t a l  1 i ne .  
I t  should be noted t h a t  i n  the  a u t o i g n i t i o n  work of E.  A. Farber 
e i  a l . ,  the i g n i t i o n  source l o c a t i o n  i n  F igure 80 o f  Reference 1, 
suggests a sur face i g n i t i o n  phenomenon. 
4.3.1 - Contact Po ten t i a l  E f f e c t s  i n  Cryogenic F l u i d  M ix ing  
The conduction mechanism i n  l i q u i d  hydrogen and l i q u i d  oxygen 
probably invo lves impu r i t i e s ,  b u t  i t  i s  no t  c l e a r  ( t o  t h i s  w r i t e r )  
whether the charge c a r r i e r s  a re  ions o r  e lec t rons  o r  holes.  We f avo r  
e lec t rons  o r  holes as the  con t r i bu to r s ,  s ince i o n  m o b i l i t y  should be 
low a t  cryogenic temperatures. A1 so, a t  cryogenic tempera tt:res i t  
seems l i k e l y  t h a t  the re  i s  a f a i r  amount of s p a t i a l  o rder  o f  molecules, 
i .e. , on a sca le  o f  several  t o  several  hundred in te rmo lecu la r  distances. 
Hence, i t  seems appropr ia te  t o  use the terminology and models o f  so l  i d  
s t a t e  semiconductor physics t o  these 1 i q u i d s  (e.g. , conduct ion and 
valence bands, condbct ion band e lec t rons  and valence band holes,  donor 
and acceptor impu r i t i e s ,  e t c ) .  A t  the same time, i t  seems appropr ia te  
t o  regard conduction band e l ec t r on  wave funct ions ( i f  t h i s  i s  a v a l i d  
concept) as l o c a l i z e d  over a d is tance on t he  o rder  o f  t he  molecular 
order  range. Thus, i t  i s  appropr ia te  t o  speak of a s p a t i a l  v a r i a t i o n  
of e l ec t r on  number dens i t y  on distances o f  t h i s  order ;  we emphasize 
t h a t  these conjectures a re  ( a t  l e a s t  t o  us) specula t ive.  
The h igh  r e s i s t i  ~i t y o f  cryogenic 1 i q u i d  hydrogen1 o f  h igh  
p u r i t y  suggests t h a t  the  number dens i t y  o f  charge c a r r i e r s  i s  very 
low. If conduction i s  by e lec t rons  o r  holes,  tne r e s i s t i v i t y  should 
be extremely s e n s i t i v e  t o  donor 01- acceptor impu r i t i e s ,  because the  
number dens i t y  o f  ' n t r i n s i c  charge c a r r i e r s  i s  so low. Measurements 
of I-. Cassutt, e t  a l .  , I  showed i n s e n s i t i v i t y  o f  r e s i s t i v i t y  t o  a i r  o r  
n i t r ogen  i ~ n p u r i t i e s ,  which suggests o n l y  t h a t  the a i r  o r  n i t r ogen  
i m p u r i t i e s  were no t  good donors o r  acceptors i n  l i q u i d  hydrogen, i . e . ,  
they d i d  no t  i on i ze .  We d i d  no t  uncover corresponding in fo rmat ion  f o r  
l i q u i d  oxygen. 
The charge dens i t y  near the i n t e r f a c e  needed t o  produce t he  e l e c t r o -  
s t a t i c  p o t e n t i a l  d i f f e rence  obeys Poisson's equat ion ( w r i t t e n  here i n  
cgs Gaussian u n i t s )  : 
Here, t he  assumed s p a t i a l  dependence o f  the  number dens i t y  n i  o f  
charges o f  species i i s  g iven by: 
where V i s  e l e c t r o s t a t i c  p o t e n t i a l ,  q i  i s  charge per  p a r t i c l e  o f  species 
i, T i s  absolu te  temperature, and E i s  t he  d i e l e c t r i c  constant of the  
medium. Th is  r e l a t i o n s h i p  can be considered a c l a s s i c a l  Boltzmann 
s t a t i s t i c a l  dependence f o r  ions o r  as a low concent ra t ion l i m i t  f o r  
e lec t rons  and donors o r  holes and acceptors, as we s h a l l  d iscuss l a t e r .  
To see the  na tu re  o f  t he  charge d i s t r i b u t i o n  near t he  i n t e r f ace ,  i t  
w i l l  be s u f f i c i e n t  t o  consider the reg ion  x > 0 when the  i n t e r f ace  i s  
a t  x = 0 and t o  assume t h a t  f o r  x large,  V,  p ,  and dV/dx approach zero.  
With on l y  an x dependence o f  e l e c t r o s t a t i c  p o t e n t i a l ,  V,  and these 
assumptions, Equation (4-11) y i e l d s  a f i r s t  i n t e g r a l  
I f  we take on ly  two charge species o f  p o s i t i v e  charge q and nagat ive 
charge -q and take the p o s i t i v e  x s ide  as medium 2 when V, - V2 o (so 
dV/dx < o) ,  then Equation (4-13) g ives 
where no i s  the number dens i t y  o f  e i t h e r  s i gn  charge a t  l a rge  x. 
Separat ion o f  va r iab les  i n  Equation (4-14) and i n t e g r a t i o n  y i e l d s  
[exp (qVlkT) + 1 ][ex9 (qVo/kT) - 11  
1 og = K X  
[exp (qV1k.l) - 1lCexp (qVo/kT) + 1 I 
where 
Here, Vo  i s  the value o f  V a t  the  plane o f  the i n t e r f ace .  
S im i l a r  t reatment of t h e  o the r  s ide  o f  t he  i n t e r f ace  g ives  
where 
no = Number dens i t y  o f  cu r ren t  c a r r i e r s  f o r  X .< o  
i = D i e l e c t r i c  constant  f o r  x : o. 
Note t h a t  V1 - V2 w i l l  be determined a t  e q u i l i b r i u m  by Equat ion (D-5) 
i n  Appendix D ,  "Contact P o t e n t i a l  Fundamentdls" and w i l l  be e s s e n t i a i l y  
a  work f unc t i on  d i f f e rence .  Vo w i l l  be between zero and V 1  - V2, and 
can be ca lcu la ted  by r e q u i r i n g  c o n t i n u i t y  o f  dV/dx across the  i n t e r f a c e .  
The space charge reg ion  w i l l  be o f  th ickness 
i n  Medium 1 ( x  > o )  and o f  th ickness 
i n  Medium 1. To understand t h i s ,  consider the case V xi k T .  Then 
Equation (4-15) g ives 
A graph of qV/kT versus r x  according t o  Equation (4-17) f o r  several  
values of qVo/kT can be found i n  H. R. Kruyt ,  Reference 9. 
Note t h a t  Equation (4-19) imp l ies  t h i c k  space charge boundary 
layers  f o r  i n te r faces  a t  a low temperature i n  a media w i t h  a low number 
dens i t y  o f  mobi le  cu r ren t  c a r r i e r s .  It i s  necessary t o  show t h a t  the  
number dens i t y  of chdrge c a r r i e r s  can be s u f f i c i e n t l y  low t h a t  the  
space charge reg ion  can be on the  order  of the th ickness of t he  l i q u i d  
oxygen f i l m  when a hydrogen vapor bubble emerges a t  t he  surface. We 
would then expect s i g n i f i c a n t  charging o f  d rop le t s  formed when the  f i l m  
breaks. If the  space charge reg ion i s  on ly  a few molecule separat ions 
t h i c k ,  i t  would appear t h a t  charge separat ion i n  the  f i l m  breakage 
would be u n l i k e l y .  
We can c a l c u l a t e  the  charge per u n i t  area i n  Medium 2 a t  the 
i n t e r f a c e  f r o ~ n  
For \qVo/kTI c -  1, t h i s  g ives  
The charge per u n i t  area i s  l a r g e r  when the s p a t i a l  separat ion i s  smal l .  
This was t o  be expected, s ince i t  i s  the d i po le  moment per u n i t  area 
which gives the e l e c t r i c a l  p o t e n t i a l  step t o  s a t i s f y  the  c o n d i t i o n  f o r  
no n e t  e l ec t r on  f low between media [Equation (D-5) , Appendix D l .  
Suppose t h a t  a f i l m  of th ickness S f  o f  1 i q u i d  oxygen ovt : a hydro- 
gen bubble ruptures.  Suppose f u r t h e r  t h a t  some area A o f  t h i s  f i l m  then 
forms i n t o  a d r o p l e t  o f  rad ius  r, ca r r y i ng  along the change q = :rA from 
the piece o f  f i l m .  Assuming volume conservat ion,  we have 
The r a d i a l  e l e c t r i c  f i e l d  a t  t he  d r o p l e t  sur face should have a magnitude 
given by 
Us ng the  Approximation (4-25) f o r  , r  gives 
2 Suppose a f i l m  area A = l o 3  S f  o f  oxygen forms a d rop le t .  If 
= 1.507 f o r  oxygen, the  space charge l a y e r  th ickness S2 i s  10-5 cm and 
Yo i s  0.05 v o l t ,  then the c l e c t r i c  f i e l d  a t  the d r o p l e t  sur face from 
Equation (4-28) would be 22,500 vo l  ts/cm. Para1 l e l  p l a t e  breakdown 
vo l tage i n  a i r  a t  standard cond i t i ons  i s  aboct 31,500 vo l ts /cm and i n  
hydrogen gas i s  17,500 volts/cm; t h i s  d r o p l e t  charging t o  the verge of  
e l e c t r i c  discharge i s  q u i t e  p l aus ib l e .  
We note t h a t  a t  atmospheric pressure oxygen me l t i ng  temperature, 
T = 55OK, Equation (4-19) gives a charge- layer th ickness 
where cu r ren t  c a r - i e r  dens i t y  no i s  i n  cm-3. For a few charge c a r r i e r  
dens i t i e s  t h i s  g ives 
S2 ; 4.87 x cm f o r  n = cm-3 0 
2 = 4.87 x cm for " 0 
= 10+'o ,,-3 
= 4.87 x cm f o r  +8 -3 2 n = 1 0  cm . 0 
For comparison w i t h  semiconductors, room temperature (300°K) germanium 
and s i l i c o n  have i n t r i n s i c  as opposed t o  impu r i t y )  e l ec t r on  c a r r i e r  1 dens'ty no = 2.5 x  1013 cm- and 1.4 x  1010 cm-3, respec t i ve ly .15  
Fol  lowing our  pos tu la te  o f  doped semiconductor behavior, l e t  us 
see what impu r i t y  c a r r i e r  dens i t y  may occur. I m p u r i t i e s  o f  i n t e r e s t  
may be of the donor, acceptor, t r a p  t y p e . I 5  Donor i m p u r i t i e s  have 
e lec t rons  a t  energies s l  i g h t l y  below the  conduct ion band, and r e a d i l y  
supply e lec t rons  t o  the conduct ion band by i o n i z a t i o n  t o  form a pos i -  
t i v e  ion .  Acceptor i m p u r i t i e s  can capture e l ec t r ons  from the  valence 
band t o  form negat ive ions,  l eav i ng  vacancies o r  "ho les"  i n  t h e  
valence band as cu r ren t  c a r r i e r s .  Traps can capture o r  l ose  e lec t rons  
also,  a1 t e r i n g  the c a r r i e r  dens i t y .  
K i t t e l  l 5  show t h a t  a  p e r f e c t l y  pure nonconductor has an i n t r i n s i c  
c a r r i e r  dens i t y  n o t i )  g iven by 
o (  = 2  ( 2 n k ~ / h ~ ) ~ / ?  exp [-Eg/(2kT)]  
where me and mh are e f f e c t i v e  masses o f  conduct ion e lec t rons  and valence 
band holes, respec t i ve ly .  E i s  the  energy gap width,  T i s  abso lu te  9 temperature, and h i s  Planck s  c ~ n s t a n t .  I f  t he  ma te r i a l  i s  doped w i t h  
donor type i m p u r i t i e s  on ly ,  K i t t e l  shows t h a t  t he  e l e c t r o n  c a r r i e r  dens i t y  
w i l l  be approximately 
n  o  = [2  ( ~ n m ~ k T / h ~ ) ~ ' ~  N ~ I ~ / ~  exp [-Ed/(2kT)]  
where N3 i s  number dens i t y  o f  donor i m p u r i t i e s  and Ed i s  the  minimal 
energy increment t o  move the donor 's  e l e c t r o n  t o  t he  conduct ion band. 
Since we do no t  have good in fo rmat ion  on e l e c t r o n  energy l e v e l s  
and band s t r u c t u r e  i n  l i q u i d  oxygen and l i q u i d  hydrogen, we s h a l l  on l y  
say t h a t  p l a u s i b l e  values o f  E , Ed, Nd, me, and mh can g i ve  values o f  
no i n  t he  range used i n  ~ x a m ~ l g s  (4-30). 
A charge d i s t r i b u t i o n  i n  a  leaky d i e l e c t r i c  o f  r e l a t i v e  d i e l e c t r i c  
constant t and conduc t i v i t y  o re laxes w i t h  a  t ime constant  T g iven ( i n  
MKS u n i t s )  by 
where Eo i s  q.9.85 x  1012 coulomb2 'oule- '  - 1 I f  the  vdlue o f  
m e r e r o r ' ~ ~ - 1 9  (ohm meter)-7 f o r  oxygen i s  on the order  o f  :0-19 (ohm c ) 
as repor ted by Cassutt  e t  a l . ,  f o r  pure l i q u i d  hydrogen, then the  
r e l a x a t i o n  t ime i n  oxygen would be 1.3 x  108 sec. Th is  says t h a t  the  
charge separat ion would probably proceed o n l y  a  very s h o r t  way toward 
" a )  
the e q u i l i b r i u m  d i s t r i b u t i o n  a t  the i n t e r f ace ,  b u t  very l i t t l e  
separated charge could  coalesce i n  f i l m  rup tu re .  I f  the impu r i t y  
l e v e l  was such as t o  make o = 10-8 (ohm cm)-1, then the t ime constant 
would be 0.13 seconds, l ess  than t y p i c a l  bubble r i s e  t ime. For r e f -  
erence, the conduc t i v i t y  o f  good conductors i s  q.106 (ohm cm)-1, t h a t  
o f  good i n s u l a t o r s  i s  10-14 t o  10-22 (ohm-cm)-1 Sol i d  s t a t e  semicon- 
ductors  have c o n d u c t i v i t i e s  o f  o rder  10-3 t o  102 (ohm cm)-1. 
The c h a r a c t e r i s t i c s  which go together  a re  
(high e l e c t r i c a l  conduct iv i ty,)  ( low e l e c t r i c a l  conduc t i v i t y  ,) 
i t h i n  regions o f  charge a t  I I t h i c k  regions of  charge a t  i n te r faces ,  i n t e r f aces ,  
h i gh  charge dens i t y  a t  f o r  1 low charge dens i t y  a t  i n t e r f aces ,  i n t e r f a c e s  , I 
b a s t  charge re l axa t i on ,  1 (slow charge re l axa t i on .  
I t appears t h a t  the parameter domain f o r  hydrogen-oxygen f ro ths  i n  l a rge  
sca le  v i o l e n t  mix ing may be such as t o  g i v e  d rop le t  charging, bu t  we 
hdve many gaps i n  our  in format ion.  Also, the i n t e r f a c e  charge d i s t r i b u -  
t i o n  does no t  need t o  have proceeded very f a r  toward e q u i l i b r i u m  t o  g i ve  
some d r o p l e t  charging. 
4.3.2 Drop le t  .- Discharge P o s s i b i l i t i e s  ---. 
I n  Equation (4-28) and the  d iscuss ion f o l l o w i n g  i t ,  supported by 
Examples 4-30, i t  was shown as p l a u s i b l e  t h a t  a  d rop le t  be charged t o  
near e l e c t r i c a l  breakdown i n  f i l m  breakage. A much lower l e v e l  of 
s i n g l e  d r o p l e t  charging could  produce breakdown from the c o l l e c t i v e  
a c t i o n  o f  a l l  t h e i r  charges, s i m i l a r  t o  the na tu ra l  phenomenon of 
1  i gh tn i ng .  
Consider a  reg ion o f  th ickness h  over the l i q u i d  s l r r face ca r r y i ng  
nv d rop le t s  per u n i t  volume w i t h  charge qd on each d rop le t .  Then the 
e l e c t r i c  f i e l d  a t  the edge o f  t h i s  l a y e r  from d rop le t s  i n s i d e  i s  ( i n  
r a t i o n a l i z e d  MKS) 
Suppose t h a t  each d rop le t  i s  charged so t h a t  i t s  sur face f i e l d  i s  some 
f r a c t i o n  ;, of breakdown f i e l d  EB: 
Fur ther  assume number o f  d rop le t s  per  u n i t  volume nv i s  such t h a t  
d rop le t s  occupy f r a c t i o ~ ,  B o f  t he  t o t a l  volume i n  the  l aye r :  
If we i n s e r t  Assumptions (4-35) and (4-36) i n t o  Equat ion (4-34), we 
can solve f o r  the th ickness h  needed t o  g i ve  e l e c t r i c a l  breakdown 
f i e l d  a t  the  l a y e r  edge, namely 
Hence, i f  d r o p l e t  sur face f i e l d  i s  f r a c t i o n  [ = 0.1 of breakdown and 
the d rop le t s  occupy f r a c t i o n  I? = C.O1 o f  the  space, and d rop le t s  are 
10-2 cm i n  rad ius,  a  l a y e r  h  = 6.7 cm t h i c k  o f  these suspended d rop le t s  
would g i ve  e l e c t r i c  breakdown f i e l d  a t  the  surface. 
I t  i s  obvious t h a t  an e l e c t r i c  f i e l d  s t r eng th  approzrefn- "-;- 
rriagnitude would con t r i bu te  t o  i nduc t i ve  charging o f  ne:;r I; , 1 :  !s 
w i t h  oppos i te  s ign  as they a re  formed a t  the  l i q u i d  surface. Whi lt 
e j e c t i o n  o f  d rop le ts  o f  oppos i te  charge would tend t o  reduce the 
e l e c t r i c  f i e l d ,  i t  a l so  would g i ve  a  good oppo r t un i t y  f o r  d r o p l e t -  
d r o p l e t  d i  scharge. 
ALTERNATIVE IGNITION SOURCES 
5.1 COSMIC RAY IGNITION MECHANISMS 
High energy charged p a r t i c l e s  leave a path o f  ionized atoms and 
recoi 1 i ng  electrons and atoms along t h e i r  t r a jec to r i es .  The heating 
and i on i za t i on  would be conducive t o  i g n i t i o n  i f  the energy deposit 
per u n i t  p a r t i c l e  t rack length were s u f f i c i e n t .  Since the energy 
deposit per u n i t  t rack length i s  orders o f  magnitude smaller than t h a t  
required for  i g n i t i o n  from a discharge, the cosmic ray i g n i t i o n  can be 
ru led  out as h igh ly  improbable. 
I n  an experiment on hydrogen ign i t i on ,  Yates e t  a1.,16 varied 
spacing between small electrode pa i r s  t o  determine minimum i g n i t i o n  
energy and quenching distafice. They determined tha t  the energy needed 
i n  a discharge f o r  i g n i t i o n  aecreases as the electrodes are brought 
closer together u n t i  1  the quenching distance i s  reached. Further, 
they found t h a t  a t  electrode spacings tha t  are less than the quenching 
distance, the minimum i g n i t i o n  energy goes up because o f  energy and ion  
losses t o  electrodes. With t h i s  i n  mind, one suspects tha t  i f  the 
energy deposit per u n i t  t rack  length from a charged p a r t i c l e  i n  a com- 
bus t i b le  mixture exceeds (smal lest discharge energy)/(electrode spacing) 
needed for  i gn i t i on ,  the mixture w i l l  i gn i t e .  The condi t ion f o r  i g n i t i o n  
i s  then 
where E i s  minimum energy f o r  i g n i t i o n  w i th  electrode separation a, or  1 
r 
where dE/dM = energy deposit per u n i t  mass per u n i t  area traversed and 
P = the mass densi ty  o f  the medim traversed. 
The minimum i g n i t i o n  energies and corresponding electrode spacings 
from Yates e t  a l .  for a 65% hydrogen, 35% oxygen mixture are shown i n  
Table 5-1. 
TABLE 5-1. Minimum I g n i t i o n  Energy and Corresponding Elect rode 
- 
Spacing f o r  16OC 65% Hydrogen, 35% Oxygen Mix ing a t  
14.75 p s i a  
E lect rode I g n i t i o n  I g n i t i o n  I g n i t i o n  Energy/ 
Spacing Energy EnergylLength (Masslarea) 
il 
1 g E ~ g  E / ( P L )  -1g 
- 
(cm) ( j o u l e s )  ( joules/cm) LOU 1 es/ (gm/cm2) 2) 
We can compare the  values of  EI / ( p  L) w i t h  the ~i~aximum values of 
dE/dM a 1 ong t racks  o f  se lected chargsd p a r t i c l e s  i n  the hydrogen-oxygen 
mix ture:  l 7  
- dE - 2.46 x 10 dM -8 s2 f o r  2 3 8 ~  ione  a t  760 MeV 
- dE - - 1.072 x 10 'I 
dM -lo f o r  H ions a t  0.25 MeV gm/ cm 
- - 
dl4 f o r  5 6 ~ c  ions a t  39 MeV. dE - 7.764 x 10- gm13 
Thus, we sze t h a t  f o r  charged pa r t i c12  t raverses we have 
and the mix tu re  w i  11 no t  i g n i t e .  Therefore, cosmic r ay  i g n i t i o n  appears 
improbable, unless the experimental minimal i g n i t i o n  energies f o r  e l e c t e i c  
discharges r e f l e c t  sor,:2 c o n t r o l l i n g  cond i t i on  no? present f o r  cosmic rays.  
One major poss ib le  suurce 0 1  heat would be the  r a p i d  conversion o f  
o r t ho  t o  pard hydrogen which 1 ibe ra tes  about 339 c a l o r i e s  per  mole 
(cal /mole) .I8 A t  cryocjenic temperatures the  conversion i s  cata lyzed by 
the  presence of a nsramagnetic substance such as oxygen.lg Th is  l i b e r a t e d  
heat has long been known as a nuisance i n  l i qu , i d  hydrogen st t :+,age s ince 
i t  causes r a p i d  evaporation. Considering t h i s  p o s z i b i l i t y ,  a check was 
made which revealed t h a t  p rope l l an t  hydrogen i s  normdl ly cata lyzed t o  95% 
para t o  a1 l ev i a  t e  such evaporat ion problems. Since the  equi  1 i br ium composi - 
t i o n  would be about 99.9% para a t  21°K. about 4% of +he hydrogen would 
convert on contact w i th  the oxygen providing about 13.6 cal/mole ( o r  
57 joules/mole) o f  hydrogen added. About 13 jorrles/mole i s  needcd so 
the mechanism i s  p laus ib le ,  but  not probable, since l a r g e  heat losses 
from evaporation w i  11 prevent heat bui  ld-up t o  i g n i t i o n  temperatures. 
CONCLUSIONS AND RECOMMENDATIONS 
P a r t i a l  exp lanat ion and subs tan t i a t i on  o f  au to ign i  t i o n  ( i n c l u d i n g  
the C r i t i c a l  Mass Hypothesis) has been poss ib le .  Some c o n t r i b u t i n g  
and a1 te r i :a t i  ve processes have been i d e n t i f i e d  as mechanisms o f  auto- 
i g n i t i o n ;  e l e c t r o s t a t i c  i g n i t i o n  stands ou t  as t he  p r i n c i p a l  mechanism. 
It i s  i i k e l y  t h a t  a number o f  e l e c t r o s t a t i c  processes a re  invo lved.  
A1 though probabi 1 i t y  values f o r  var ious processes were no t  ca lcu la ted,  
order  of magnitude e~ cimates were made which i nd i ca ted  reasonable proba- 
b i l i t y  on a q u a l i t a t i v e  basis.  Some questions remain unanswered and 
some add i t i ona l  work i s  recomended i f  a b e t t e r  understanding o f  the  
process i s  needed. 
0.1 EXPERIKNTALRESULTS EXPLAINED B J  THEORY IN  THIS STUDY 
The h igh  energy term o f  the c r i t i c a l  mass equat ion was determiaed 
e m p i r i c a l l y  t o  have the for-111: 
2 m = K2E , 
where m = mass mixed, E = dimensionless mix ing energy ( E  = mix ing energy/ 
b o i l i n g  energy) and K2 = a constant. A mix ing theory developed i n  Lh is  
study i nd i ca ted  the  same form o f  expression. The 'ow energy t e n ,  
a serni-empirical tern1 based i n  p a r t  on the o s c i l l a t i n g  p l ug  concept,' 
was no t  der ived i n  t h i s  study. Since the  low energy term i s  on ly  
important below t he  b c i l i n g  energy, i t  i s  no t  considered very important 
t o  r e a l  a u t o i g n i t i o n  s i t u a t i o n s  because the mix ing energy w i l l  normal ly 
be much higher than the  b o i l i n g  energy. No t e s t s  have been conducted 
below the b o i l i n g  energy (see F igure 13, Reference 1 ) .  
P red ic t io l i s  o f  streaming p o t e n t i a l  charging, based on the  bobbing 
p lug  cortcept, i n d i c a t e  t h a t  s u f f i c i e n t  f i e l d  can be induced t o  cause 
i g n i t i o n .  Furthermore, the charging o f  d rop le t s  a t  the surface accom- 
panied by d rop le t  t o  d rop le t  discharge i s  probably a c o n t r i b u t i n g  
mechanism (a1 though lack  of s p e c i f i c  data make t h i s  somewhat specula- 
t i v e ) .  Some subs tan t ia t ion  o f  t h i s  i s  found i n  obcsrvat ions of i g n i t i o n  
po in t s  on o r  near the surface i n  some t e s t s .  
6.2 EXPERIMENTAL IlESULTS NOT EXPLAINED IN THIS STUDY 
Cne area t h a t  i s  g r e a t l y  l ack i ng  i n  data i s  fundamental measurements 
of charge bu i ld-up as a f unc t i on  o f  mixing. The value o f  cs2;tants i n  
the c r i t i c a l  mass equat ion i s  determined l a r g e l y  from t b ~  LNz/RP-1 mix ing 
t es t s  which ind ica ted  a c r i t i c a l  mass of 2300 l b  a t  b o i l i n g  energy f o r  
i g n i t i o n  o f  LOX/LH2 and 2800 1 b a t  bo i  1 i n g  energy f o r  LOXIRP-1. The 
s i m i l a r i t y  between t h i s  data and l a rge  sca le  " r ea l "  s i t u a t i o n s  i s  no t  
r ead i l y  apparent and cannot be r e a d i l y  supported by theory (nor  d i s -  
proved). Empir ical  support, however, i s  reasonably good cons ider ing 
t ha t  no t e s t  has y i e l ded  explosions above the  estab l ished c r i t i c a l  
mass curve. Thus, the r e s u l t s  a re  p l aus ib l e  bu t  t heo re t i ca l  explana- 
t i o n  i s  no t  i n  hand. 
Assessment of p r o b a b i l i t i e s  associated w i t h  var ious mechanisms was 
outside the scope o f  t h i s  study. While some mechanisms appear t o  have 
reasonably l a rge  probabi 1 i t y  , assessment of o thers  has n o t  been 
feasible.  Most of the mechanisms which showed reasonable p r o b a b i l i t y  
i n  LOX/LH2 are improbable f o r  LOX/RP-1 mainly becsuse o f  the much l a r g e r  
i g n i t i o n  requirements. Nevertheless, the S-IVB3 and PYRO 25,000 1b 
LOX/RP-1 experiments show d e f i n i t e  evidence of the r e a l i t y  of bone 
mechanisms. Droplet -drop le t  charging may be one poss ib le  mechanism 
(see discussion on d rop le t -d rop le t  discharges i n  Sect ion 4.3) bu t  
t h i s  i s  very speculat ive.  
RECOMMENDATION FOR FJRTHER WORK 
I f  a more complete t heo re t i ca l  understanding i s  a h i gh l y  des i red 
goal we would recommend add i t i ona l  t heo re t i ca l  and experimental work. 
Whether the explanations are now s u f f i c i e n t  i s  a dec is ion  best  l e f t  
t o  those who wish t o  apply auto ign i  t i o n  p r i n c i p l e s  t o  re31 app l i ca t ions .  
I f  more complete explanat ion i s  needed then the work described below 
would be h i gh l y  usefu l .  
6.3.1 Experimental Work 
More data on mixing energy versus charge bu i ld-up i s  needed. The 
LN2/RP-1 experiments should be expanded and add i t i ona l  t e s t s  w i t h  two 
cryogenics (perbaps LN2/LH2 o r  LN2/LOX) should be c a r r i e d  out. The 
pos i t i on  o f  the c r i t - i c a l  mass curve (as opposed t o  i t s  shape) i s  
inheren t l y  depe~dent  on the r e s u l t s  of such t es t s .  I t  i s  conceivable 
t h a t  the ~ n i t i a l  mass could be much h igher  and t h a t  externa l  spark 
sources are always s u f f i c i e n t  LO cause premature i g n i t i o n .  
Work i s  a l so  needed t o  character ize impu r i t i es  i n  the p rope l lan ts  
ar~d t h e i r  r o l e  i n  au to i gn i t i on .  I n  many cases we have noted t h a t  e l ec t ro -  
s t a t i c  p roper t ies  (e.g., zeta po ten t i a l ,  r e s i s t i v i t y )  are very sens i t i ve  
t o  the l eve l  o f  impu r i t i es  i n  the substances considered. Auto ign i  t i o n  
could conceivably be g rea t l y  enhanced o r  i n h i b i t e d  by the presence o f  
impur i t i es .  
6.3.2 Theoret ica l  Work 
Fur ther  experimental work could be accompanied by t heo re t i ca l  work 
t o  i n t e r p r e t  data. I n  add i t i on  t o  t h i s ,  expansion o f  t heo re t i ca l  work 
ca r r i ed  ou t  i n  t h i s  study would be very usefu l ,  i n  some cases. S p e c i f i c a l l y ,  
fu r ther  work w i t h  bubble eva lua t ion  models and w i t h  p r e d i c t i o n  of  
charging e f fec ts  i s  recomnended. Expansion o f  these e f f o r t s  was 
s ta r t ed  i n  t h i s  study bu t  t ime and funds were very l i m i t i n g .  I t  i s  
important t o  note t h a t  expansion o f  these areas would n o t  be very 
product ive unless c a r r i e d  ou t  on a f a i r l y  l a rge  sca le  (1  t o  2 man 
years o f  e f f o r t ) ,  s ince some break-throughs, no t  e a s i l y  acquired, 
would be needed. 
APPENDIY 
BUBBLE POPULAT JON MODEL 
-
GENERAL MODEL 
4 complete descr ip t ion  o f  the bubble populat ion i n  a 1 i q u i d  i s  provided 
by speci fy ing the d i s t r i b u t i o n  o f  bubbles according t o  t h e i r  pos i t i on  and 
s ize  a t  any time. I n  order t o  do t h i s  sathematical ly,  l e t  d3r denote a 
volume which i s  small compared t o  the dimensions o f  the l i q u i d  container, 
but la rge  enough t o  contain many bubbles. Then, def ine a func t ion  n(r,R,t) - 
such tha t  
average number of bubbles w i t h  
n(r,R,t)d3r - dR = center located i n  d3r, and radius 
l y i n g  i n  dR about R, a t  time t. 
I n  order t o  der ive  an equation f o r  n(r,R,t), suppose tha t  n(r,R,t) i s  known 
for  some time t, andcompute i t s  v a l u e a t  a l a t e r  t ime t + ~ f .  Clearly,  
n(r,R,t - + h t ) d 3 r  - n(r,R,t)d3r - dR = net  change i n  n (A-1 ) 
during at .  
The net  change i n  n i s  due t o  several processes, inc lud ing  
1 ) production of bubbles i n  d3r  dR by nucleate b o i l  ing, 
2)  net  f low o f  bubbles having a radius R i n  the range dR i n t o  d3r, e i t h e r  
by motion o f  bubbles r e l a t i v e  t c  the l i q u i d  o r  by motion of the l i q u i d  
i t s e l f ,  
3) growth o f  smaller bubbles i n t o  dR and growth o f  bubbles i n  dR i n t o  
1 arger bubbles, 
4 )  breakup o f  bubbles i n  dR i n t o  two (o r  more) smaller components, and 
5) coalescence o f  two (or  more) small e r  bubbles to  form one o f  radius R 
i n  the range dR, and coalescence of bubbles of radius R w i t h  one (o r  
more) others(s)  to form a la rger  bubble. 
An exact d e s c r i p t i ~ n  o f  a l l  o f  these processes i s  probably no t  w i t h i n  reach 
o f  ex i s t i ng  theory. However, formal expressions may be w r i t t e n  f o r  a l l  o f  
them, as w i l l  be done here: 
1 )  Let s ( r , t ) d3 r  denote the r a t e  tha t  bubbles are produced i n  d3r a t  
time t, Let f(R)dR denote the p r o b a b i l i t y  t ha t  a given bubble i s  
produced by nucleat ion w i th  radius R i n  the range dR. Since f (R)  i s  
a p robab i l i t y  d i s t r i b u t i o n ,  i t  i s  normalized so tha t  
I n  terms o f  s  and f, the  number o f  bubbles produced i n  d3 r  dR dur ing  
a (sma l l )  t ime A t  i s  s ( r , t ) f ( ~ ) d 3 r  - dR A t .  
2) Le t  j ( r ,R , t )  denote the  cu r ren t  o f  bubbles. Then, by f a m i l i a r  a r  u- 
du r ing  t ime A t  i s  g iven by - v * j ( r , ~ , t ) d h  dR A t .  
3 ment5, the ne t  f l ow  o f  bubbles o f  r ad ius  R i n  t h e  range dR i n t o  d  r 
- - 
3) Le t  G(R + Ra,At)dR' denote t h e  p r o b a b i l i t y  t h a t  a  bubble o f  r ad i us  R 
w i l l  grow t o  a  rad ius  R '  i n  the  range dR' dur ing  A t .  Then t h e  number 
of bubbles i n  d3r w i t h  r ad ius  R i n  t he  range dR, which grow t o  a  new 
rad ius  R '  i n  the  range dR' du r i ng  A t ,  i s  g iven by n ( r , ~ , t ) d 3 r  dR 
G(R + R '  ,bt)dR1. Thus, the  t o t a l  number o f  bubbles i e a v i n g  dR by 
t h i s  mechanism dur ing  t ime A t  i s  g iven by 
Q) 
n ( r , ~ , t ) d ~ r  dR - /  G(R + R ' ,  A t )dR1.  
R 
By a  s i m i l a r  argument, t he  t o t a l  number o f  bubbles en te r ing  dR, due 
t o  growth from R '  < R, i s  g iven by 
To proceed f u r t h e r  w i t h  these expressions, a  model i s  needed t o  
descr ibe G(R' -+ R,At). The s implest  model i s  a  d e t e r m i n i s t i c  growth 
model which i s  based on the  assumption t h a t  t he  growth r a t e  o f  t he  
bubble rad ius  depends on l y  on i t s  present rad ius,  i .e. ,  
f o r  some f unc t i on  G(R). For t h i s  model, R ( t  + A t )  must have t he  
value R ( t )  + G[R(t)] A t ,  i .e., G(R -t Rt,At)  = 6[R' - R - G(R)At]. 
With t h i s  expression f o r  G(R -+ R '  ,At), the  above i n t e g r a l s  a re  e a s i l y  
evaluated t o  g i ve  
growth ou t  o f  dR = n ( r , ~ , t ) d 3 r  - dR, and 
growth i n t o  dR = n(r,R - - ~ ( ~ ) h t , t ) d ~ r  dR. 
Therefore, s ince ~t i s  small 
7 
growth i n t o  dR = [n ( r ,~ , t )  - G(R) $ (r-,R,T)htJ d3r dR. 
4 )  I n  the  expression f o r  bubble breakup, we i nc l ude  o n l y  the spontaneous 
breakup r a t e  which i s  a  f unc t i on  o f  R alone. (A t  h igher  bubble 
dens i t ies ,  s t imulated breakup, which i s  caused by t he  passag2 o f  one 
o r  more bubbles near another, may a l so  con t r ibu te ,  bu t  t h i s  process 
w i l l  no t  be considered here. ) We l e t  B(R + R '  ,R")dR'drM denote the  
r a t e  a t  which bubbles o f  rad ius  R break up t o  form a p a i r  o f  bubbles 
w i t h  r a d i i  R '  i n  the  range dR' and R" i n  the  range dR". Then, the  
number o f  bubbles leav ing  d3r dR dur ing  A t ,  due t o  breakup, i s  g iven 
by n ( r , ~ , t ) d 3 r  - dR B(R) At, where 
S im i l a r l y ,  the number o f  bubbles en te r ing  dR dur ing A t ,  due t o  breakup 
o f  l a rge r  bubbles, i s  given by 
m 
where R(R' -+ R) = j  B(R1 - R,R")dRU +lw B(Rt -. Rt',R)dR". 
R R 
5 )  Coalescence i s  b a s i c a l l y  the inverse of breakup. Here, two bubbles 
o f  r a d i i  R '  and R" merge t o  form a new bubble of rad ius  R. (A t  h igher  
bubble dens i t ies ,  i n t e r a c t i o n s  between th ree  and more bubbles may 
a1 so con t r ibu te ,  bu t  t h i s  process w i l l  no t  be considered here. ) L e t  
C(R1,R" + R)dR denote the r a t e  a t  which bubbles o f  r a d i i  R '  and R",  
both located i n  d3r, coalesce t o  form a new bubble o f  rad ius R i n  
the range dR. Then, the  number of bubbles leav ing  dR dur ing A t ,  
due t o  coalescence, i s  given by 
where 
S im i l a r l y ,  the number o f  bubbles added t o  dR, due t o  coalescence o f  
two smal ler bubbles dur ing  A t ,  i s  
rf ~ ( L ~ R '  , t ) n ( r , ~ " , t ) ~ ( ~ '  - ,R" + R ) ~ R ' ~ R "  . d~ . b t .  
0 0 
A t  t h i s  po in t ,  formal expressions have been given f o r  each process 
t h a t  con t r ibu tes  t o  the r i g h t  hand s ide o f  Equation (A-1 ).  When these 
expressions a re  subs t i tu ted ,  each term i n  ' $e r e s u l t i n g  equat ion conta ins 
the f ac to r s  d3r dR which can be cancel led. Then, i f  the  equat;on i s  
d iv ided  by A t  and the  l i m i t  A t  + o i s  taken. the  r e s u l t  i s  
This equat ion i s  not  y e t  t r ac tab le ,  s ince i t  i s  necessary t o  spec i f y  t he  
cu r ren t  j separately, and t o  prov ide models f o r  G(R), B(R' + 21, 
C(R' ,R" 5 R )  and f ( R ) .  Thus, some s i m p l i f i c a t i o n s  t o  t h i s  general 
equation, which lead t o  more t r a c t a b l e  forms, w i l l  be discussed i n  the  
f o l l ow ing  subsection. 
A.2 - SIMPLIFICATIONS TO THE GENERAL MODEL 
A t  low bubble dens i t i es  the  coalescence terms w i  11 be negl i g i  b l  e 
compared t o  o ther  terms, which lead t o  
If, i n  add i t ion ,  no very l a rge  bubbles a re  present i n  the  system, the  
spontaneous breakup terms w i l l  be small,  which lead t o  
If the bubble v e l o c i t y  depends on ly  on s ize ,  the  cu r ren t  i can be 
w r i t t e n  as 
j ( r ,R , t )  = v(R)n(r ,R,t) .  
- - 
I n  t h i s  case, the equat ion f o r  n reduces t o  
i n  t h i s  form the equat ion i s  t r a c t a b l e  i f  models a re  ava i l ab le  t o  speci fy 
G:R), !(R) and f (R) .  I n  f ac t ,  s ince 
d R d r  G(R) = and u(R) = 
fo r  a bubble o f  rad ibs R and p o s i t i o n  - r ,  Equation (A-3) s imply s ta tes  t h a t  
Here, & denotes the t o t a l  t ime d e r i v a t i v e  along the  c h a r a c t e r i s t i c  curves. 
R = R ( t )  and - r = - r ( t ) ,  which a re  determined by i n t e g r a t i n g  
The so lu t i on  o f  Equations (A-4), (A-5a) and (A-5b) f o r  a p a r t i c u l a r  case 
i s  given i n  Sect ion A.3. 
A.3 SOLUTION FOR TWO ADJACENT FLUIDS - GENERAL 
Suppose t h a t  two f l u i d s  o f  d i f f e r e n t  temperature are brought together  
a t  t ime t = 0. I d e a l i z e  the geometry so t h a t  F l u i d  1 occupies p a r t  of the  
upper hal f -space 0 < Z < h, wh i le  F l u i d  2 occupies p a r t  o f  the  lower h a l f -  
space -b < Z < 0. Suppsse the  temperature o f  F l u i d  1 i s  less  than t h a t  o f  
F l u i d  2 and t h a t  both f l u i d s  a re  i n i t i a l l y  saturated l i q u i d s .  A thermal 
boundary l aye r  w i l l  form i n  both f l u i d s  w i t h  nuc leate b o i l i n g  occur r ing  i n  
the boundary l aye r  o f  F l u i d  1 and (poss ib ly )  i c e  c r y s t a l s  forming i n  the 
boundary l aye r  o f  F l u i d  2. Due t o  buoyancy, vapor bubbles o f  F l u i d  1 w i l l  
r i s e  ou t  of the boundary l a y e r  as saturated vapor and i n t o  the  bul  k of 
F l u i d  1. I F  S o l i d  2 has greater  dens i t y  than L i q u i d  2, any i c e  c r y s t a l s  
formed i n  the boundary l aye r  o f  F l u i d  2 w i  I 1  s ink  i n t o  the bu l k  o f  F l u i d  2 
as saturated i c e  (F igure A-1 ) .  
The desc r i p t i on  o f  the bubble populat ion requ i res  cons iderat ion o f  
two regittes: 1 ) bubble nuc lea t ion  and growth i n  the boundary l aye r ,  and 
2) bubble r i s i n g  and growth above the boundary l aye r .  These two regimes 
requ're separate analyses which a re  out1 ined below. 
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FIGURE A-1. - A Two-Fluid Model 
A. 3.1 The Boundary Layer 
I n  the thermal boundary layer,  which forms when the two f l u i d s  a t  
t h e i r  b o i l i n g  po in ts  come i n t o  contact, the colder f l u i d  w i l l  be super- 
heated. The formation and growth o f  bubbles i n  a superheated region have 
been studied i n  some detai120 w i t h  the conclusion t h a t  the  radius o f  a 
growing bubble expands as 
where i s  a constant depending on f l u i d  p rcper t ies  and the  degree o f  
superheating. With the expression f o r  R ( t )  known expl i c i  t l y  , some o f  
the factors appearing on the equation f o r  n (r,R,t) can be determined. 
I n  pa r t i cu la r ,  from Equation (A-6) 
Thus, from Equation (A-5a), we have 
The ve loc i t y  v ( R )  can a lso he determined if we assume tha t  the bubble 
ve loc i t y  i s  v e r t i c a l  and i s  due t o  the combined e f f e c t  o f  buoyancy and 
g rav i t y  forces. Then, 
--- 
net buoyancy drag 
force 
where 
p,, = bubble densi ty  
p = f l u i d  density, and 
p = v iscos i ty .  
Thus, 
P iv id ing  Equation (A-1 0) by Equation (A-7) gives 
where 
2p9. 
- 9p and C2 = c, - q---
I( Pb f=b 
Here, we take pb = constant throughout the boundary l aye r  since the boundary 
layer  i s  th in .  The so lu t i on  o f  Equation (A-11) i s  then 
which provides v(R) (assumed i n  +Z d i r e c t i o n )  f o r  Equation (A-4). From 
Equations (A-5br, (A-12) and (A-6) we a lso ob ta in  
where Z i s  the v e r t i c a l  component of r. Thus, 
where ZO i s  the height a t  which the bubble f i r s t  forms by nucleation. 
As an i l l u s t r a t i o n  o f  how Equation (A-4) can be solved f o r  n(Z,R,t), 
we consider the case where one bubble nucleates a t  Z = 0 a t  t ime t = 0. 
Then, according t o  Equation (A-4) 
- dn = o for z > 0, t > O. 
d t 
Thus, n i s  constant along the curves given by solv ing Equations (A-5a) 
and (A-5b). Since these have already been solved [Equations (A-6) and 
(A-14) above] f o r  the present simple model, we have f o r  one bubble 
where 6 = a d i rac  de l ta  funct ion. 
If, instead o f  one bubble, we consider the continuous production o f  bubbles 
a t  Z = 0, s t a r t i n g  a t  t ime t = 0 a t  a r a t e  o f  S bubbles per cm3 sec, then 
we in tegra te  Equation (A-15) from 0 t o  t t o  obta ih 
(A- 16) 
where 
c 2 ~ 2  
A = - q T T T  
and H denotes the step func t ion  
Equation (A-16) shows t h a t  a t  a given pos i t i on  Z a l l  bubbles have t h  same 
I n  pa r t i cu la r ,  i f  h i s  the height o f  the thermal boundary l aye r  then 
f radius and tha t  bubbles a r r i v e  a t  height  Z only  a f t e r  a time ( z / A ) ~ /  . 
This expression must now be used as a boundary cond i t ion  for  analyzing 
the bubble populat ion i n  the second regime, i.e., above the boundary 
1 ayer . 
A.3.2 The Bulk F lu id  Above the Boundary Layer 
I n  the region above the boundary layer,  the assumptions o f  the model 
are somewhat d i f f e r e n t .  Here, the bubble no longer grows by evaporating 
more superheated l i q u i d  (since there i s  none), but  ra the r  by responding 
t o  changes i n  pressure and temperature as i t  r i ses .  Since the pressure 
i s  1 i k e l y  t o  vary as the bubble r i ses ,  i t  i s  no longer adequate t o  t r e a t  
the bubble densi ty  p as a constant, nor can i t  pe assumed t h a t  the bubble 
contains pure satura ? ed vapor. I n  order t o  describe the bubble dynamics 
i n  t h i s  regime, a number o f  basic equations are needed. These are  der ived 
be1 ow. 
The Mass Equation 
For a f l u i d  i n  general, we have 
(A- 18) 
In tegrate t h i s  equation over the bubble volume V( t ) ,  w i th  surface 
S( t ) ,  t o  get 
Use Leibni t z ' s  and Gauss' theorems t o  transform 
Here, S( t )  = surface, 5 = outer  normal t o  surface, d2s = element o f  
area on S( t ) ,  2 = ve loc i t y  o f  surface point .  
Le t  
3 pd r = bubble mass. 
V( t )  
Then, 
2 P(& - Y) n+ d S = evaporation r a t e .  
The Enerqy Equation 
For a f l u i d  i n  general 
(Here, +Z = upward) I n t e g r a t e  t h i s  equation over V ( t ) ,  then use 
L e i b n i t z ' s  and Gauss' theorems t o  ge t  
Z 
Expect tha t  k i n  t i c  energy terms (' ) a r e  small and t h a t  d iss ipa t ion  
s = 
1 heat (I r y 3 d S )  i s  n e g l i g i b l e .  ;F~hen, since h = u + P l p ,  
Also, the potent ia l  energy terms cancel since 
Therefore, 
3 
~ = g $ ~ p Z d r = g ~ Z ~ d 3 r + [ p Z ~  d t 
- n dzS) = g (< V pvZ d3r $ PI VZ d3r +l PZG + 
d25 +& pvZ d3r +l pvSZ % d 
and 
Thus, the energy equation becomes 
Take u and P uniform across V ;  l e t  J  denote l a s t  i n t e g r a l ;  then 
(Mu) I 2 d t = u l p ( % - ~ )  . $ d l - P  x a n + d S - J .  s s  
dM Since the f i r s t  in tegra l  i s  a from ttie mass equation, 
Under in teqra l  sign, take t v s  t o  get 
Since 
t h a t  i s  
then the energy equation becomes 
The Momentum Equation 
For a f l u i d  i n  general 
a 
- p v +  v * P y L = -  v P + V  * T  - P g Z .  at - - ( 2  = u n i t  vector up) (A-29) 
Integrate over V ( t )  and conver; in tegra ls  t o  get 
Note that  
*L A S = buoyant force = - M g z  
S 
where pL i s  the 1 iquid density and P the bubble density.  A1 so, 
2 
T n d S = drag force = - C U R $  
= -5 
(Here, v+ r e f e r s  t o  the mean bubble ve loc i ty .  ) 
i.e.. 
I n  the f i r s t  in tegra l ,  approximate v by VJ t o  get l V p v  d3r = Ma. I n  
the second in tegra l ,  replace the f i r s t  f a c t o r  by VJ. This i s  allowed 
i f  f low ve loc i t y  i n t o  surface (due t o  condensation o r  evaporation) i s  
small compared t o  mean bubble ve loc i ty .  Then', 
dM The in teg ra l  i s  a from the mass equation so 
I . ;  
J 
-8 
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B ~. i .  r 
4 I 
I n  a system where M changes and heat dQ i s  t ransferred in ,  we have i; ? .  
I - 4 
d~ ? + s d ~ ,  i.e., d~ : T ~ S  - T S ~ M .  (A-32) L- - 
. . - ,  
Thus, f o r  the bubble 
-I 1 ;  - 
< 
o r  w i t h  S = sM, 
- ! .   
For revers ib le  case, note J = 0 impl ies t h a t  s = constant. 
. . :. 
Pressure D iscont inu i ty  a t  Surface 
P (bubble) = P (1 i qu id )  + (a  = surface tension) (A-34) a. 
Ideal Vapor Ins ide Bubble 
I f  spec i f i c  heat i s  constant and s = 0 a t  T = T i ,  P = PI then 
1 _. 
This analysis a lso appl ies when there are small ? i q u i d  droplets  
- .  -, 
w i t h i n  the bubble. 
Hydrosta ti; Pressure 
P ( l i q u i d )  = Po - pLgz 
where z = d is tance above p o i n t  where P = Po. 
Geometry 
Densi t y  
M = p V .  
Displacement 
This  i s  same as f o r  boundary l aye r  regime, i .e. ,  
A.4 SIMPLIFIED BULK FLUID MODEL 
dM Look a t  the s implest  case: no mass o r  heat t r a n s f e r  (- = 0, J = 0) .  
This does no t  r u l e  ou t  condensation o f  t i n y  d rop le t s  ins idedihe bubble. 
It j u s t  means t h a t  they s tay i n  the  bubble as m i s t  r a t h e r  than being 
absorbed i n t o  the  surrounding l i q u i d .  
We now have from mass equat ion [Equation (A-22)]: 
w i t h  s o l u t i o n  
M ( t )  = Mo. (A-42) 
From second law ([Equation (A-33)] have $ 0. Approximate by 
ds reve rs i b l e  case a = 0, i .e., 
Now, we can est imate the  s t a t e  o f  t he  bubble, which presumably leaves the  
boundary l aye r  as saturated pure vapor. I n  r i s i n g  i n t o  a lower pressure 
reg ion  a t  constant s, we must determine whether i t  superheats o r ,  instead, 
changes t o  a m ix tu re  o f  saturated vapor p lus  d rop le ts .  I n  t he  former, 
pure vapor, case Equation (A-37) p red i c t s  t h a t  
L 
- 
T 1- p (1- - 1  f a r  T near T ~ .  
To 
If, instead, a vapor - l i qu id  m ix tu re  resu l t s ,  then P i s  given by the  satura-  
P t i o n  pressure PS (T).  From corresponding s t a t e  theory, - should be a 
T PC universa l  f unc t i on  o f  - (c  = c r i t i c a l  p o i n t ) .  I n  p rac t i ce ,  t h i s  i s  
Tc 
approximate, and i s  given by the  empir ica l  f i t21 
P (T) = PC exp [5.29 - 5.31 ($1. 
Thus, 
where 
Then 
and 
f (T) f (To) + (T-TO) f (To) + . . . 
w- 5.31tt)c - +J f o r  T near T o .  Po 
Thus, the  c o e f f i c i e n t  o f  f o r  t he  l i qu id - vapo r  
C mixture and p / r  = 312 f o r  the A-2). Cool ing a t  
constant s leads immediately i n t o  the i i q u i d  region, so the  l i qu id - vapo r  
case i s  the  one t h a t  occurs. 
0 1 
T I T "  
FIGURE A-2. Sketch o f  Pressure Temperature Data 
--- 
A-18 
Since hydrostatic pressure i s  assumed, we have [Equation (A-37) ] 
PL = Po - pL gz.  
Neglect surface teqsion so t h a t  
P(Z)  = Po - pL gz.  
Since the bubble i s  a t  saturation pressure, we have 
which determines T (Z ) ,  i .e . ,  
I f  the corresponding states e x p r e s s i o ~ ~  i s  used, t h i s  gives 
o r  wi th T = To a t  z = 0,  
Note that  as i increases, T decreases. 
To continue, the assumption o f  ideal  vapor gives 
p, = P/rT 
A1 so, 
For the 1 iquid,  assume incompressibi 1 i t y  so t h a t  
pL (Z) = pL = const 
where T2 i s  a reference temperature. 
With the above models we can construct the remaining properties: 
Since 
and 
we have, a f t e r  a l i t t l e  algebra, 
and 
5 a .  
i *P Thus, 
Now, since s i s  to  be constant = so - C~~ ln (k )  0 - r I n  ( ) 0 (s ince t h e  bubble 
i s  i n i t i a l l y  pure vapor) ,  we must have 
which can be solved f o r  p t o  g e t  
i n  which 
sV - sL = Q/T 
w i th  Q the  l a t e n t  heat of vapor izat ion [Q(z) t Q [T(z)] ] .  
Then 
where po, Ro = p,R a t  boundary layer  in te r face .  It remains t o  f i nd  the 
ve loc i t y  v(Z) and the pos i t i on  Z(T). We note a t  t h i s  stage t h a t  u(Z) can 
M v ML be determined j u s t  as s(Z) was by tak lng u = Uv t - U ~ .  Thus. the M 
energy equation should g ive no new informat ion as can be seen i f  we 
"0 d d rewr i t e  Equation (A-28) using V = - and - = v t o  get 
0 d t 
which i s  s a t i s f i e d  i d e n t i c a l l y  since * - 1 dP = T - ds = 0. dZ pa dZ 
To solve f o r  v, rewr i t e  Equation (A-31) using V = MO/p and 
t o  get 
Since R(Z) and p(Z) are known, Equation (A-56) i s  o f  the form 
w i t h  f and h known. This i s  apparent ly  no t  so lvable i n  c losed 
even f o r  simple f and h, a1 though i t  can be solved numerical ly.  For 
numerics, w r i t e  as 
so t h a t  
1 
which i s  a nonl inear  i n t e g r a l  equation f o r  v(Z). I t  can probably be solved P 
successfu l ly  by i t e r a t i o n .  
Once v(Z) i s  determined, the p o s i t i o n  Z ( t )  f o l l ows  from Equation (A-40): i 8 
With Z ( t )  determined, a l l  o t he r  q u a n t i t i e s  a v a i l a b l e  as func t ions  o f  Z 
become e x p l i c i t  func t ions  o f  t. 
It i s  d 'sappoint in t h a t  even t h i s  s implest  case seems t o  r e q u i r e  
one numerical s o l u t i o n  v(z)] ;  bu t  perhaps i t  i s  s u r p r i s i n g  t h a t  a l l  bu t  
- 
e 
one equat ion can be in tegra ted  i n  c losed form. 
With a l l  quan t i t i es  r e l a t e d  t o  an i n d i v i d u a l  bubble as determined 
above, the d i s t r i b u t i o n  f unc t i on  n(Z,R,t) can a1 so be determined. Assuming 
t h a t  no bubbles form by nuc lea t ion  above t he  boundary layer ,  and t h ?  l t he  
d i s t r i b u t i o n  o f  bubbles en te r ing  from the boundary la!~er a t  Z = h i s  g iven 
by Equation (A-17). 
APPENDIX B 
DETAILED DEVELOPMENT OF M I X I N G  MODEL 
This model i s  concerned w i t h  the h igh energy po r t i on  (above the 
b o i l i n g  energy) o f  the c r i t i c a l  mass curve. I n  t h i s  region the mixing 
mechanism, which i s  p r imar i l y  high energy turbulence, i s  due t o  
i so t rop i c  turbulence i f  
where L = charac ter is t i c  1 inear  scale o f  the mixed system, and 
A = the s ize  o f  the energy d iss ipa t ing  eddy. 
I n  t h i s  &se the value o f  x can be re la ted  t o  power dens i ty  from 
Kolmogorof f turbulence theory 
where p = v iscos i ty  
p = density 
P = power 
V = volume. 
A quant i ty,  IS, cal led  the i n t e n s i t y  of segregation can a lso be defined 
as 24 
- t / v  I, = e (B-2 
where 
The segregation i n t e n s i t y  i s  also the f r a c t i o n  o f  one component ac tua l l y  
not ye t  mixed i n t o  the other component. 
Define a quant i ty  "degree o f  mixing" 
where m = amount o f  A mixed w i t h  B, and 
M = t o t a l  amount o f  A i n  the system. 
Then f = 1 - Is 
o r  
Equation (8-3) describes the mixedness as a funct ion ~f time f o r  a batch 
process. 
B- 1 
Now consider a turbulent  mixing s,ystem i n  which there i s  a con- 
t inuous i n f l u x  of component A given by dM/dt. Each increment can be 
thought o f  as undergoing batch mixing over a t ime period t. That !s 
where CM i s  added a t  time t ' . Equation (8-4) must be in tegra ted  over 
a l l  dm t o  get t o t a l  mixing as funct ion o f  time. 
I n  the special  case where M i s  dropped through a hole froni a 
constant height  ( the  u l l ase  space) i t  i s  reasonable t o  view the f low 
as constant ve loc i t y  since the head and opening resistance are approxi- 
mately constant. Therefore, 
wnere K1 i s  a constant. Since m(o) = 0 
Let  K2 = 1/y, then Equation (9-5)  becomes 
a f te r  subs t i t u t i on  o f  Equation (B-6). Af ter  i n teg ra t i on  
-K t) Expand (1 - e 2 i n  a series: 
f o r  small t 
K1 K 2 t  2 2 
m = K 3 t  . 
NOW consider the power inpu t .  The system gains energy frqm the  
f a l l i n g  f l u i d  and, i f  the re  a re  no apprec iab le  f r i c t i ~ n  losses, the  
energy i s  
E = Mgx 
where x = u l l a g e  space he ight .  
Power i s  
s ince g,x a re  constants.  
dM Since a- = K1 = a constant 
and the c o e f f i c i e n t  K2 i s  a constant given by 
E = Mgx = Kltgx = K4 
then 
o r  
The v a l i d i t y  of the approximation i n  Equation (B-10) was tested 
numerically. Typical data i n  the Farber studies1 gives mixing times 
of about 1 sec w i t h  y i e l d s  corresponding t o  3000 l b  i n  a 25,000-lb 
system. If 25,000 1 h are added i n  1 sec, then K1 = 25,000. Kp can then 
be estimated from Equation (0-10) by t r i a l  and er ror ;  i n  t h i s  case 
K2 = 0.26. Using K1, K2 as calculated, Table B-1 was generated. For 
these values of K1 and Kp (which are o f  the order o f  magnitude expected) 
the approximation using one term i s  ver? good up t o  1 o r  2 sec. A t  
most, the approximation i s  conservative i n  t h a t  la rger  mixed masses are 
predicted than are calculated by the exact equation. 
TABLE B-1. Comparison o f  Exact Expression 
[Equation (0-9) 1 w i t h  Series 
Approximation 
Time, - The Mass Mixed - (M), 1b 
sec Exact 1 Term 2 Terms 3 Terms 
APPENDIX C 
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QUENCHING DISTANCE I N  DIELECTRICS 
Quenching d i  stances d i  scussed i n  t h i  s repor t  are val ues measured by 
experiment using metal electrodes. The values are a measure of the 
greatest wal l  distance f o r  which wal l  d i ss ipa t i on  o f  energy o r  ions can 
i n h i b i t  combustion. A quenching distance so measurzd i s  approximately 
the electrode spacing f o r  which spark energy needed f o r  i g n i t i o n  i s  ' 
smallest. For electrode spacing c loser  than the quenching distance, 
wal l  scavenging o f  ions and energy makes a more energet ic pulse necessary 
t o  s t a r t  combustion. 
This study considers i g n i t i o n  by discharges i n  a d i e l e c t r i c  environ- 
ment, e.g., between d i e l e c t r i c  l i q u i d  droplets  o r  across bubbles i n  
d i e l e c t r i c  l i q u i d .  The d i e l e c t r i c  should be less  e f f e c t i v e  i n  suppressing 
i g n i t i o n  than the metal electrodes f o r  two reasons: 
1 ) Ions are less st rongly a t t rac ted  t o  the d i e l e c t r i c  wal l  than t o  
metal. 
2)  The lower thermal conduct iv i ty  o f  the d i e l e c t r i , ~  wa l l  r e s u l t s  i n  
slower conductive heat d i  ss i  pa t ion  o f  energy deposi tec! on the surface 
by radiat ion,  and more re - rad ia t ion  i n t o  the reac t ion  region. 
The i on  d iss ipa t ion  w i t h  low wal l  distances may occur by the fol low- 
i n g  sequence of events. Following a discharge, ions and electrons are 
both accelerated toward ~ 3 1 1  s by e l e c t r i c a l  image forces. Electrons 
a r r i v e  . i n  s i g n i f i c a n t  ,numbers f i r s t  because o f  t h e i r  more rap id  accelera- 
t i o ~ .  Following a loss  o f  space charge neu t ra l i t y ,  however, ions deposit 
r ap id l y  because o f  the stronger c o l l e c t i v e  f i e l d  force ( f o r  shor t  distances 
t o  wal ls) .  The quenching distance i s  on the order o f  the distance cleared 
o.f react ing ions i n  the mean ion  react ion time i n  the combustion process. 
A p a r t i c l e  o f  charge q a distance s from a metal wal l  experiences an 
image force from induced surface charge given ( i n  ra t i ona l i zed  MKS u n i t s )  
by 
The corresponding force f Jm inducea po la r i za t i on  o f  a d i e l e c t r i c  wal l  
distance s from the p a r t i c l e  . i s  
where K i s  wa l l  d i e l e c t r i c  constant. The negative s ign  i n  Equations (C-1) 
and (C-2) comes from measuring distance s p o s i t i v e  from wa l l  wh i le  the 
force i s  d i rec ted  toward the wa l l  . Neglecting c o l l  i sional  damping and 
forces from other  pa r t i c l es ,  the  p a r t i c l e  w i  11 be accelerated toward 
the wal l  according t o  
where c i s  a product o f  fac tors  i n  E-1 o r  E-2. 
Mu l t i p l y i ng  Equation E-3 by d s l d t  gives 
In tegra t ing  Equation (C-4)  from time t=o a t  which d s l d t  i s  zero and s i s  
so t o  a l a t e r  t ime t gives 
Taking the  square roo t  (and not ing  d s l d t  i s  negat ive) and rearranging 
gives 
Note t h a t  
and in tegra te  Equation (C-6) from pos i t i on  so a t  t ime t=o  t o  pos i t i on  
s=o, i.e., h i t t i n g  wa l l  a t  t ime t=T: 
I so la t i ng  i n i t i a l  distance so i n  Equation (C-9) gives 
21 3 
so = (f) (5) 'I3 T2/3 
The quenching distance should be on the order o f  the distance from the 
wal l  cleared o f  ions i n  a mean i o n  reac t ion  time. Set t ing T t o  the mean 
ion  react ion time on the r i g h t  hand s ide o f  Equation (C-10) should g ive an 
approximate quenching distance on the r i g h t  hand side. We assume t h a t  the 
migrat ion time t o  the wal l  o f  the f a s t e r  charge species sets the range o f  
quenching. The value o f  c i s  d i f f e r e n t  f o r  the metal and the d i e l e c t r i c .  
Hence from Equation (C-10) 
For d i e l e c t r i c  constants K i n  the ranse 1.25 t o  1.5, the quenching 
distance by (C-11) should be 0.5 t o  0.6 of those for  mztal. 
The foregoing development made no mention o f  ~ e b ~ e - ~ i c k e l  screening 
i n  the i n te rac t i on  o f  charges w i t h  wal ls .  A t  the threshold f o r  i g n i t i o n ,  
the f ree  e lect ron number density should be qu i te  low, and hence the screen- 
ing  distance should be long. The thermal i g n i t i o n  temperature f o r  
hydrogen-oxygen mixtures i s  found t o  be about 585OC. The Saha equation25 
predic ts  a low leve l  o f  thermal i on i za t i on  a t  t h i s  temperature. 
APPENDIX D 
CONTACT POTENTIAL FUNDAMENTALS 
Each homogeneous object  has i t s  cha rac te r i s t i c  Fermi l eve l  which i s  
a function of temperature. The Fermi energy l eve l  i s  the e lec t ron  energy 
leve l  above which the p robab i l i t y  o f  occupation of an e lect ron s ta te  i s  
less than 50% anii below which the p r o b a b i l i t y  of occupation i s  greater  
than 50%. Spec i f i ca l l y ,  the p r o b a b i l i t y  o f  occupation of an e lect ron 
s ta te  o f  energy E i s  
.< 
f ( € ¶  T) = 1 (D-1) 
I + exp [(E-u)/k~] 
1 
where p i s  the "chemical po ten t i a l  " of an e lec t ron  c r  the Fermi energy 
l eve l . ,  The reference po in t  of energy must be  the same f o r  both E and p .  
The form f o r  f says t h a t  e lect ron states o f  energy E much less than p 
for; which 
are f i l l e d  w i t h  a p r o b a b i l i t y  only  s l i g h t l y  less than one. Elect ron 
states o f  energy greater than p f o r  which 
w i l l  have a p r o b a b i l i t y  much less than one o f  being occupied. 
When two d i ss im i l a r  objects o f  homogeneous material  are brought 
i n t o  contact, electrons tend t o  f low so t h a t  s tates o f  equal energy 
( r e l a t i v e  t o  the same reference po in t  of energy) have the same proba- 
b i l i t y  o f  being f i l l e d  i n  both objects. To see th i s ,  consider two 
metals a t  temperature T whose e lec t ron  energy s ta te  occupancy i s  shown 
i n  Figure D-1. The electrons i n  Mater ia l  1 see a po ten t i a l  we l l  tending 
t o  bind them w i t h i n  the metal. The most t i g h t l y  bound electrons of the 
conduction band have an energy E B ~  r e l a t i v e  t o  the energy o f  a d i s t a n t  
i so la ted  e lec t ron  i n  vacuum. Typical ly ,  €81 (binding energy) w i l l  be a 
negative energy o f  the order o f  10 eV. The conduction electrons i n  
Metal 1 w i l l  occupy states which have the energy E B ~  p lus varying amounts 
o f  k i n 2 t i c  energy up t o  a k i n e t i c  energy o f  approximately E K F ~  ( k i n e t i c  
energy a t  the Fermi l eve l  o f  Mater ia l  1). The t r a n s i t i o n  from occupied 
t o  unoccupied states occurs i n  a region of width skT about t h i s  value. 
The Fermi leve l  for  i so la ted  Material  1 we g ive r e l a t i v e  t o  t h a t  o f  an 
i s o l a  3 distance e lec t ron  a t  r e s t  i n  vacuum as 
Note t h a t  -31 i s  the energy needed t o  remove the most energet ic e lect rons 
from h igh l y  occupied states i n t o  vacuum from the neut ra l  metal; note a lso  
tha t  our reference p a i n t  for  Fermi energy may d i f f e r  from t h a t  used 
e l  sewhere. 
ENERGY OF AN I SOlATED - 
ELECTRON AT REST + 
STATES I N  VACUUM 
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FIGURE D-1. Energy Level Schematic for  Two Iso la ted  
Neutral Pure Metals, (Note t h a t  we measure 
energies p o s i t i v e  upward, so E B ~ ,  EBZ, PI, 
and p2 are negative numbers. ) 
When the metals from Figure D-1 are brought i n t o  contact, e lect rons 
w i l l  i n i t i a l l y  f low from Metal 1 t o  Metal 2 (because u l  > p2). Only an 
i n f i n i t e s i m a l  f r a c t i o n  o f  the e lect rons need t o  flow, however, t o  create 
an e l e c t r i c  f i e l d  which stops the flow. The we l l  depths of the two 
metals w i l l  have been s h i f t e d  by the e l e c t r o s t a t i c  cont r ibu t ions  qeVl 
and qeV2, respect ive ly ,  when equ i l ib r ium i s  established. Here, qe i s  
the charge on an electron. The equ i l ib r ium s i t u a t i o n  f o r  the bulk  mate- 
r i a l s  i s  shown i n  Figure D-2. The condi t ion f o r  no ne t  e lec t ron  flow 
between the two media i s  
Here, the superscr ip t  zero on u merely ind icates t h a t  i t  does 
not  include the e l e c t r o s t a t i c  con t r i bu t i on  which we have 
included i n  our d e f i n i t i o n  o f  U. For an inhomogeneous medium a t  uniform 
temperature we are l e d  t o  postu late an e l e c t r i c  current  densi ty  
METAL 1 
t4ERGY OF AN ISOLATED 
EUCTKON AT REST 
lid VACUUM 
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FIGURE D-2. Energy Level Schematic fo r  Two Pieces of D i s s i m i l a r  
Metals Brodght i n t o  Ccntact  
i n  the  absence o f  magnetic f i e l d .  This reduces t o  t he  f am i l  i a r  J = -o VV o r  
J = aE w i t h  conduc t i v i t y  a f o r  a  homogeneous medium. Th is  i s  i n  agreement 
- 
w i t h  iandau and ~ i f s h i t z . ~ " i t h  nonuniform temperature, a  cu r ren t  c o n t r i -  
bu t i on  p ropor t iona i  t o  temperature g rad ien t  must be added: 
For a  contact  between d i s s i a i l a r  semiconductors o r  good r e s i s t o r s ,  
s i m i l a r  corts iderat ions apply. A charge t r a n s f e r  occurs on con tac t  t o  
equal ize the Fermi l e v e l s  i n  the  two mate r ia l s ,  a l though Fermi l e v e l s  
w i l l  f o r  r e s i s t o r s  o r  semiconductors t y p i c a l l y  be mathematicdl energies 
on ly  [ i n  the Fermi-Dirac d i s t r i b u t i o n ,  Equation(D-l)],  no t  energies of 
ac tua l  a1 lowed e l ec t r on  s ta tes.  A1 so the  approach t o  equi 1  i b r i  um w i  11 
be very slow compared t o  t h a t  i n  meta.,s. 
The p o t e n t i a l  d i f fe rence  V2 - V1 between the  d i s s i m i l a r  ma te r i a l s  
comes p h y . i c a l l y  from a charge d i s t r i b u t i o n  a t  the  in te r face .  Th is  
in te r face  charge d i s t r i b u t i o n  f o r  good conductors i s  very t h i n ,  and i s  
f r e  uen t l y  considered as a  d i po le  layer .  For a  germanium j u n c t i o n  w i t h  I 101 donor atoms per cub ic  cent imeter i n  contact  w i t h  a  metal ,  the  space 
charge reg ion  i s  est imated t o  be 10-4 cm a t  room temperature. 
For e l e c t r o l y t 2 s  as w e l l  as semiconductors, the  th ickness o f  the  space 
charae reg ion  var ies  w i t h  the inverse rquare r o o t  o f  the  number dens i t y  
of current  ca r r i e rs .  This f i n i t e  thickness o f  the space charge region 
( p a r t i c u l a r l y  a t  cryogenic temperatures) f o r  low temperature mater ia ls  
w i th  an extremely low densi ty  o f  charge c a r r i e r s  gives an opportuni ty  
f o r  pronounced charging e f fec ts  i n  vaporizat ion induced bubbl i ng and 
f ro th ing .  I t  should be noted tha t  the slow re laxat ion  t ime i n  h igh l y  
r e s i s t i v e  l i q u i d s  o r  vapors impl ies t h a t  the charge separation may 
occur only  if the vapor bubbles have t raveled through the medium long 
enough fo r  charge separation t o  have occurred. 
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